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Abstract
In this thesis, I quantify the spatial phenotypic variability of two genetically homogeneous
demersal fish populations in British Columbia, Canada. In the second chapter, I quantify
spatial variation in yelloweye rockfish growth using a Von Bertalanffy Growth model and
age-at-maturity in yelloweye rockfish using a binomial logit model. Both growth and age-
at-maturity estimates lead to statistically significant variation in fishery reference point
estimates with coastwide estimates overestimating spatially explicit reference points by up
to 25%. In chapter three, I estimate size dependent movement rates for sablefish using a
Markov movement model fit to tag release and recovery data. I found that sublegal and
legal sized sablefish showed movement patterning consistent with a transboundary stock.
Year class contributions of juvenile sablefish do not evenly cover to continental shelf, which
could have implications for management.
Keywords: Markov Movement Model; Fishery Management; Phenotypic Variation; Life-
history traits; Spatial Models; Bayesian Hierarchical Model
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1.1 What is phenotypic variation?
Phenotypic variation is the diversity in phenotypes that exist in a population (with or
without genetic variation) where a phenotype is an observed physiological trait or behaviour
of an individual [1, 2]. Phenotypes have their basis in genetics, but the expression of a gene
and the resulting phenotype can be influenced or even greatly changed by the environment
that the individual experiences. Phenotypic plasticity, on the other hand is more specific and
is the ability of a single genotype to produce multiple different phenotypes when exposed
to differing environments [3]. Stating that an observed trait is phenotypically plastic is
to say that the variation in this trait arises from a single gene or set of genes expressing
different phenotypes under differing conditions [3]. Therefore, not all phenotypic variation is
phenotypic plasticity. It is beyond the scope of this thesis to determine if observed variation
is due to phenotypic plasticity or arises from a variety of alleles for a particular trait.
Therefore, this project will focus solely on phenotypic variation so as not to imply knowledge
about the source of the variation.
Quantifying how much phenotypic variation is needed to impact fishery management is
outside the scope of this project. Instead, I aim to determine whether phenotypic variation
observed suggests any smaller scale patterning of traits that might be of use to managers. In
the second chapter, I will look whether variation in estimated growth and age-at-maturity
rates has any impact on fishery reference point estimates compared to a single coastwide
estimate. In the second, I will look at whether estimated movement patterning agrees with
1
current stock boundaries and if it differs, what spatial patterning the movement rates sug-
gest.
1.2 Genetically homogeneous populations
In fisheries management, stocks are often determined based on a combination of the
region where a fishery occurs and the boundaries between genetically homogeneous popu-
lations. Genetically homogeneous populations are determined when genetic analysis does
not show evidence for subpopulations within that population [4]. Using catch quotas and
fishery management based on homogeneous assumptions onto a heterogeneous population
can cause problems for the underlying populations e.g. [5, 6]. Fishery managers use fishery
reference point calculations, benchmarks against which to measure the actual status of a
fish stock [7], to set help set fishery targets. Because these reference points are based on the
values of these life-history traits, if these life-history traits vary on a scale smaller than the
stock boundaries, it is possible that some areas of the stock might be overexploited while
others are underexploited.
1.3 Movement as a phenotype
For behavioural phenotypes, such as movement, the phenotypes, propensity to move or
pattern of movement, are often influenced by the environment. The external environment
to a fish influences its behaviour, and then this behaviour can cause changes in learning and
neural pathways [8]. This behavioural response once learned is the behavioural phenotype for
this species [8]. Movement as a phenotype presents an interesting case because by moving an
individual inherently changes the environment to which they are exposed which in turn can
influence this phenotype [2]. This makes disentangling the patterns of phenotypic variation
in behaviour and movement as an environmental response very difficult [2]. The propensity
for an individual to migrate or switch habitats has been seen to be a behavioural trait that
shows phenotypic variation [9, 10, 11].
For the purposes of this thesis, I am only looking at phenotypic variation in movement
in so far as the propensity of fish to move a certain direction or stay within a certain area.
2
For instance, the idea that fish in the north of an area will tend to go north and those in
the south will tend to go south. Genetic homogeneity in a stock can result from very little
movement between groups if there is larval spread, large population sizes, or even low levels
of migration [4]. Therefore, it is possible that in a genetically homogeneous stock that fish
do not move among all areas but instead move within smaller areas forming disconnected
areas with little movement between them.
1.4 Thesis overview
In this thesis I aim to tackle the challenges of understanding phenotypic variation within
a genetically homogeneous demersal fish populations and whether this phenotypic variation
could impact management. In my second chapter, I investigate the existence and impact
of spatial variation in life-history traits (growth and maturity) in yelloweye rockfish (Se-
bastes ruberrimus) in British Columbia, Canada (BC). I investigate variation in growth
and maturity for the genetically homogeneous outside population of yelloweye [12]. I use
a Bayesian hierarchical spatial model of the Von Bertalanffy growth function (referred to
simply as a “growth model”) [13] to estimate spatially explicit growth parameters, and a
Bayesian hierarchical spatial binomial logit age-at-maturity model (referred to simply as
an “age-at-maturity model”) to estimate spatially explicit age-at-50% and 95% maturity
parameters. Fishery reference point estimates were then calculated and compared to coast-
wide estimates to determine if considering finer spatial scale life-history information had
any impact on fishery reference points.
In the third chapter, I estimate movement rates of sablefish (Anoplopoma fimbria) in BC
to determine whether the estimated movement patterning is consistent with current stock
boundaries for this species. Sablefish between Alaska and the U.S. West Coast consist of one
genetically homogeneous population [4] but are divided into three stocks for management
based on the national borders of Canada and the US. I use a Markov movement model for
each of three size classes of sablefish, one sublegal (< 55 cm) and two legal (55 - 65 cm
and > 65 cm) to estimate movement rates and look at movement patterns within these size
classes in order to determine whether there might be management relevant patterning in
3
the movement of this species. The contribution of juveniles to the fishery within BC will




Spatial variation in yelloweye
rockfish growth and maturity and
its impact on fishery reference
points
2.1 Introduction
Phenotypic variation within fish populations, expressed as variation in observable traits
among individuals, has historically been used in fisheries to establish stocks for harvest
management; however, increasing prevalence and affordability of genetic testing now of-
fers a much broader picture of population structure to managers [12, 14, 15, 16]. Stock
boundaries suggested by genetic analysis, i.e. each stock only containing one genetically ho-
mogeneous population, are typically preferred for management even though stocks genetic-
and phenotypic-based stock determinations often do not agree [14, 17]. Regardless, pheno-
typic variation can have management implications because variation in life-history traits
such as growth rate, size, and maturity are all used to determine fishery reference points
for management, which in turn influence catch quotas [3, 18, 19, 20, 21, 22, 23]. Delineating
stock boundaries or spatial management areas that are aligned with the spatial structure of
a population should reduce bias in reference point calculations, stock status indicators, and
population estimates [6, 24]; likewise, endeavouring to set appropriate management targets
and harvest levels based on both genetic and phenotypic information can lead to increases
in local abundance, protection against over-fishing, and reduction in foregone yield [25, 26].
5
Phenotypic variation in life-history traits has been found to occur within stocks, which
can indicate the need for smaller stocks and can have positive impacts on reference point
estimates. For example, estimates of spawning stock biomass for walleye pollock that used
mean age-at-maturity were found to underestimate spawning stock biomass by up to 11.9%
when compared to estimates using spatially explicit maturity at age [23]. Also, growth rate
has been found to vary within stock boundaries for both sedentary species such as widow
rockfish [27] and highly migratory species such as South Pacific albacore tuna [28] indicating
the need for smaller scale management. Growth variation can indicate phenotypic spatial
population structure, which is an important part of determining management strategies
and reference points [29]. Simulation experiments for long-lived northern rockfish revealed
that splitting management areas into finer scale areas resulted in higher yield and more
groups remaining above the sustainable biomass threshold for this species [30]. Including
phenotypic variation into management objectives were found to increase the ability for an
over-exploited species to recover [31]. Especially in species more susceptible to exploita-
tion, small changes to fishery references points can be highly impactful to the perceived
sustainability of exploitation [32]. Such phenotypic variations can also indicate small-scale
population differences due to local adaptations, which if preserved could improve a species
persistence and resilience while maximizing yield [23, 33, 34].
It can be challenging to determine spatial stock boundaries and boundaries of population
dynamics; however, if it can be achieved, choosing a spatial stock structure that closely
matches the spatial scale of the population can provide benefits to the fishery through
increased yield while preserving diversity in the species [6, 34, 35, 36]. It also makes it easier
to manage under the precautionary approach [37]; total allowable catch (TAC) can be more
precisely estimated as can catch per unit effort (CPUE) in sistuations where it is an index
of abundance, avoiding a persistent over-fished state of the stock [37, 38]. An appropriate
scale of management can also prevent the loss of smaller stock components, which can be
masked by a lumped unit stock approach [6, 34]. Therefore, matching the spatial scale of
management to the underlying population spatial scale can improve resilience, productivity,
and stability of the population [39].
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2.1.1 Choosing a spatial scale for management
It can be simpler to manage fish on a coarse spatial scale even if this means lumping
populations together, than to manage fish on a smaller spatial scale especially if coarse scale
management is the status quo. If these management boundaries have been used for many
years, changing the management boundaries might be impractical while offering negligible
benefits [5].
While splitting a large management area into smaller management areas could improve
the sustainable exploitation of a species, this is only effective when the split is determined
correctly [6], which can be difficult because sufficient population data often does not exist
at small enough spatial scales. On the other hand, lumping populations together can un-
derestimate risk of stock collapse, and can reduce bias in estimates of abundance compared
to individual stock assessments [6].
Balancing the benefits of accounting for spatial stock structure with the difficulties of im-
plementation could be a goal for fisheries agencies. Including spatial life-history information
into reference point calculations (such as yield per recruit (YpR) and spawning potential
ratio (SPR) calculations) could help to determine how phenotypic variation could affect
the stock status indicators at multiple scales. In particular, aligning stocks correctly can be
especially important in species that are already threatened, at-risk, or more susceptible to
over-exploitation.
2.1.2 Research objectives
In this chapter, I will calculate spatially variant life-history parameters for both growth
and maturity in the outside population of yelloweye rockfish (Sebastes ruberrimus) in BC as
a first step to understand whether phenotypic variation within a genetically homogeneous
population could benefit management performance. Specifically, I will evaluate the potential
consequences of ignoring fine spatial scale variation in growth and maturity in yelloweye
rockfish on fishery reference points.
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2.1.3 Yelloweye rockfish biology
Yelloweye rockfish is a rock reef-dwelling aggressive piscivore that lives along the Pacific
coast from the Aleutian Islands to northern Baja California [40, 41, 42, 43]. Individual fish
can grow to a maximum size of 91 cm and 11.3 kg [40, 44]. On average, males have a longer
fork length than females [40, 43]. Yelloweye rockfish can live up to 120 years and fully recruit
to the fishery at approximately 19 years [45]. Movement varies substantially with age where
larvae and young juveniles are transported by currents through the upper mixed layer (top
300 m) [41, 46, 47]. Once juveniles reach 3 - 9 cm (approximately aged 6 - 9 months) they
settle to the bottom on rocky substrate [40], moving deeper as they age, and settling at a
final depth between 19 and 251 m in adulthood [40, 48, 49]. Once settled, adults become
sedentary with very low rates of migration, high site fidelity, and vertical movements of only
3 - 7 m within a year, as recorded through acoustic telemetry [50, 51]. In BC, yelloweye
rockfish are considered two genetically distinct stocks consisting of an “inside population”
between the mainland and Vancouver Island, and an “outside population” consisting of all
other areas on the BC coast [17].
2.1.4 Implications of spatial structure for management
Many sedentary fish populations (similar to yelloweye rockfish) are composed of sub-
populations that receive recruits from a common pool through larval drift [24] and are
more likely to exhibit local sub-populations and spatial variation because they tend to
be more sensitive to spatial heterogeneity in habitat [52]. Although current management
for yelloweye rockfish is based on two genetically distinct stocks, these fish might exhibit a
smaller scale population structure [45]. The inside and outside stocks were determined based
on genetic variation consistent with distinct populations [12]. However, it seems reasonable
that fish living for over 100 years on the same piece of rock reef would adapt to their location
and might exhibit phenotypic variation in life-history traits especially between areas at the
north and south extremes of BC. The lack of genetic variation within the outside populations
might be due to low larval dispersal rates exhibited by yelloweye rockfish rather than lack
of reproductive isolation [45].
8
It is especially important to manage yelloweye rockfish using a highly precautionary ap-
proach because their long lifespan, long generation time, and sedentary nature make them
especially susceptible to over-fishing even at low fishing mortality rates [43, 53]. Correct
matching of the spatial scale of management to the scale of population structure could,
therefore, potentially benefit this species and fisheries that harvest it [5]. Moreover, DFO
recommends more spatially explicit management for fish that: have sedentary characteris-
tics, have spatial conservation areas, or fishing areas are based on individual transferable
quotas, all of which apply to yelloweye rockfish [17]. Finally, DFO recommends using areas
much smaller than a single panmictic population for management [17]. This gives evidence




The biological data for yelloweye rockfish were collected by the International Pacific
Halibut Commission Fishery Independent Setline Survey (IPHC-FISS), previously the Stan-
dardized Stock Assessment survey, and the Pacific Halibut Management Association (PHMA)
survey beginning in 2003 and 2006 respectively [17]. The IPHC-FISS operated from south-
ern Oregon to the Bering Sea in Alaska, with 170 stations each located 10 nmi apart on
a square grid covering the BC waters [54]. It used fixed station longlines targeted at hal-
ibut, but rockfish were often caught as bycatch [17]. The PHMA survey used a stratified
random-design survey with longline snap gear in which chartered commercial fishing vessels
followed pre-determined survey locations and protocols [17]. This survey only ran on half
the coast each year and alternated north and south surveys [17].
Between 2003 and 2018, over 50 000 yelloweye rockfish biological samples were collected
by both the IPHC-FISS and the PHMA survey. Of these, only 30 350 contained complete
and usable information based on DFO usability codes. Of these, a random sample of 10
000 data points were taken to lessen computational running times. Biological data used
in this study included otolith age, sex, maturity, and fork length. Sex and maturity were
9
both determined through internal gonad inspection. Although sex was readily determined,
maturity could be more difficult to measure accurately, especially based on ovaries [54, 55].
Maturity was measured on a scale from 1 - 7 where 1 and 2 were immature and 3 - 7 were
mature states. I attempted to minimize potential errors in maturity data by converting the
7 maturity states to binary states where 0 indicated immature and 1 indicated mature.
Additionally, I combined all gear types, surveys, and years in my analyses.
2.2.2 Length-at-age model
The Von Bertalanffy growth function (VBGF), commonly used for non-linear length-at-
age modelling of fish species, was defined:
L(a) = L∞(1 − e−k(a−t0)) (2.1)
where L(a) was length at a given age a, k was the coefficient of growth, L∞ was the
asymptotic maximum length, and t0 was the hypothetical age of a fish at length zero [13].
The model was fit using log(k) and log(L∞) as leading parameters. Note that “log” in this
thesis refers to the natural logarithm everywhere. These log-transformed parameters were
used instead of the raw parameters to put the values of log(k) and log(L∞) on the same
scale as t0 [56], as well as to ensure that k and L∞ were positive. The model with these
log-transformed parameters was defined as:
L(a) = elog(L∞)(1 − e−elog(k)(a−t0)) (2.2)
2.2.3 Age-at-maturity model
I used a binomial model for age-at-maturity because maturity was dichotomous (either
mature or immature). Specifically, in this age-at-maturity model, the proportion of fish at
a given age that were mature followed a binomial logit distribution where logit(p) was the
log-odds of being mature at a given age [57].
logit(p) = log( p
1 − p
) = α + βA (2.3)
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where p was the probability of a fish at age A being mature, α and β were both parameters
used for the logistic regression, and a was age. This log-odds could instead be written in





Fishery reference point calculations used the age at which 50% of the population was mature
(A50) and the age at which 95% of the population was mature (A95), which were derived








(log(19) + α) (2.6)
2.2.4 Model structure
I modelled both the growth and maturity using a Bayesian approach which allowed for
the inclusion of different sources of information in the form of priors and allowed the un-
certainty for all parameters to be quantified [58]. Including prior information also allowed
for data sharing among parameter estimates [59, 60, 58, 61]. Bayesian hierarchical mod-
els that explicitly included spatial random effects showed fine-scale spatial differences in
parameters[62, 63, 64].
In the Bayesian hierarchical spatial analyses for both growth and maturity, I specified
the priors of spatial random effects using a conditional autoregressive (CAR) structure
[64, 65, 66]. I used the CAR prior structure because it allowed for spatial random effects to
be specified on a grid and then, conditional on covariates, averaged over the grid cell which
greatly reduced the number of estimated parameters [64, 65, 66]. Other prior specifications
for the spatial random effects were tested, but the model with this specification was given
the most weight by the WAIC (see: appendix A.2).
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The specification for the growth model with CAR prior specification (hereafter referred
to as the “Growth-CAR model”) was:
Li ∼ N(µi, σ) [likelihood]
µi = elog(L∞,i)(1 − e−e
log(ki)(a−t0)) [model]
σ ∼ Cauchy(0, 50) [prior on σ]
log(L∞,i) ∼ N(γ + ωL, 5) [prior on log(L∞)]
log(k) ∼ N(η + ωk, 10) [prior on log(k)]
t0 ∼ Cauchy(0, 0.1) [prior on t0]
γ ∼ N(6.5, 3) [hyperprior on log(L∞)]
η ∼ N(0, 2) [hyperprior on log(k)]
ωL ∼ MV N(0, [τL(D − ϕLW )]−1) [CAR prior for log(L∞)]
ωk ∼ MV N(0, [τk(D − ϕkW )]−1) [CAR prior for log(k)]
τL ∼ Cauchy(0, 50) [prior on τL]
τk ∼ Cauchy(0, 50) [prior on τk]
ϕL ∼ U(0, 1) [prior on ϕL]
ϕk ∼ U(0, 1) [prior on ϕk]
(2.7)
where µi for the length at age Li in a particular grid cell i was the VBGF; σ was the variance
of Li; log(L∞,i), log(ki), and t0 were VBGF parameters for a particular grid cell i; γ and η
were hyperpriors on the mean of the log(L∞,i) and log(ki) distributions; ωL was a CAR prior
specification for log(L∞) whose variance depended on a variance parameter τL, the distance
between the centroid of grid cells D (Equation 2.8), an indicator of spatial dependence
among grid cells ϕL, and a diagonally symmetric matrix of neighbours W (Equation 2.9);
ωk was a CAR prior specification for log(k) where τk and ϕk are defined in the same way
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For both D and W , n was the number of grid cells. In W , bi,j = 1 if the grid cells were
neighbours and bi,j = 0 if they were not. Neighbours were defined by a Moore neighbourhood
of 8 neighbouring cells. A grid cell was not considered to be its own neighbour.
The specification for the age-at-maturity model with CAR specification (hereafter re-
ferred to as the “Age-at-maturity-CAR model”) was:
Mi ∼ Binomial(1, pi) [likelihood]
logit(pi) = αi + βiA [model]
αi ∼ N(µα + ωα, 10) [prior on α]
βi ∼ N(µβ + ωβ, 10) [prior on β]
µα ∼ N(0, 10) [hyperprior on α]
µβ ∼ N(0, 10) [hyperprior on β]
ωα ∼ MV N(0, [τα(D − ϕαW )]−1) [CAR prior on α]
ωβ ∼ MV N(0, [τβ(D − ϕβW )]−1) [CAR prior on β]
τα ∼ Cauchy(0, 50) [prior on τα]
τβ ∼ Cauchy(0, 50) [prior on τβ]
ϕα ∼ U(0, 1) [prior on ϕα]
ϕβ ∼ U(0, 1) [prior on ϕβ]
(2.10)
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where Mi was the maturity in a given grid cell i; logit(pi) was the log odds of fish at age
A being mature in grid cell i; αi and βi were two parameters for the logistic regression; µα
and µβ were the hyperpriors on α and β respectively; ωα was the CAR prior for α whose
variance depended on a variance parameter τα, the distance between centroids of grid cells
D (Equation 2.8), an indicator of spatial dependence among grid cells parameter ϕL, and a
diagonally symmetric matrix of neighbours W (Equation 2.9).
2.2.5 Grid sizes
The growth data, fork length and age, were collated onto a 250 km by 250 km square
grid consisting of 8 cells (Figure 2.1a). This size of grid was chosen to avoid exceeding
computational memory limits and run-time constraints. Maturity data, age and maturity,
were collated onto a 150 km by 150 km square grid consisting of 16 cells. The Age-at-
maturity-CAR model consisted of fewer parameters than the Growth-CAR model and was
able to run fitted to this finer grid without computational or time issues.
(a) 250 km by 250 km grid (b) 150 km by 150 km grid
Figure 2.1: Coarse (a) and fine (b) grid sizes used to group yelloweye demographic data for
model inference.
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2.2.6 Choice of priors in the Growth-CAR model
The choice of priors in a Bayesian model can have a non-negligible impact on derived
inferences. I used wide and uninformative priors where data was not available. For the
Growth-CAR model, L∞ had previously been calculated for yelloweye rockfish so I used
this value as the mean for my distribution but left it sufficiently wide to cover all reasonable
sizes [61, 17]. Also in the Growth-CAR model, I used a highly informative positive half-
Cauchy prior on t0 (t0 ∼ Cauchy(0, 0.1)), which constrains the t0 to be positive and close
to 0. Yelloweye rockfish are viviparous [40] so it is reasonable to constrain t0 to be positive
and have the prior weighted heavily towards 0. For all other priors, very wide distributions
were used that constrained the parameter values to a plausible range of values.
2.2.7 Impacts of phenotypic spatial variation on fishery reference points
In this section, I used the spatially explicit parameter estimates from the Growth-CAR
and Age-at-maturity-CAR models (equations 2.7 and 2.10) to calculate yield per recruit
(YpR) and spawning potential ratio (SPR) for each grid cell in order to determine the
degree to which the estimated spatial variation in phenotypic traits might affect biological
reference points.
SPR (Equation 2.11) is commonly used to determine precautionary spawning biomass
thresholds for fishery management and is defined as the ratio of spawning biomass per




where ϕf (equation 2.13) is the spawning stock biomass per recruit under a fishing mortality
f , and ϕ0 (equation 2.14) is the spawning stock biomass per recruit in the absence of fishing
mortality [67]. In particular, SPR40%, which is often used as a BMSY proxy reference point,
is the fishing mortality rate at which SPR is reduced to 0.40.
Spawning stock biomass per recruit (ϕf ) (equation 2.13) and spawning stock biomass
per recruit in the absence of fishing (ϕ0) which were used to calculate SPR, as well as YpR
(equation 2.12), were calculated using the method of Cox et al. 2011 [68], assuming no
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discarded catch. Selectivity parameters (S50 and S95) for the northern and southern PHMA
surveys were used in the same method as the 2020 yelloweye assessment [69] and assigned to
grid cells that fell within the bounds of the two survey areas. For spatially explicit growth
YpR and SPR calculations, length-at-age curves were specified separately for each grid cell
(Lt,i), and only one maturity at age curve was specified using coastwide estimates for A50
and A95. Averages of male and female parameter estimates were used in YpR calculations,
and SPR calculations used only female parameters estimates (denoted with subscript 7).
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where wt,i was the weight at age t of a fish in grid cell i, c1 and c2 were parameters that
relate length (cm) to weight (kg), Lt,i was the length of a fish at age t in grid cell i defined
using the VBGF (equation 2.1), mt was the proportion of fish mature at age t, A50 and A95
were the coastwide estimates of age at 50% and 95% maturity, st,i was the selectivity of a
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fish of age t in area i by the fishery, S50,a and S95,a were the estimates of age at 50% and
95% selectivity in area a where a was either the Northern or the Southern PHMA survey
area, Zt,f was the total mortality for fish of age t at a fishing mortality f , M was natural
mortality, F was the set of all fishing mortalities between 0 and 1, ℓt,f was the proportion
of fish of age t at a fishing mortality f that survive from the previous year t − 1, T was
the maximum age of a fish, ϕLf was the YpR at a fishing mortality f , ϕf was the spawning
stock biomass per recruit at a fishing mortality f ; and ϕ0 was the spawning stock biomass
per recruit under no fishing mortality.
The SPR calculations for spatially explicit Age-at-maturity-CAR parameters were cal-
culated in a similar way to the spatially explicit growth calculations above except that
age-at-maturity curves were specified separately for each grid cell (mt,i), and only one
length-at-age curve was specified using coastwide estimates for L∞, k, and t0. YpR was not
calculated because age-at-maturity parameters do not influence YpR. All coastwide param-
eters used in YpR and SPR calculations for both spatially explicit growth and maturity are
given in Table A.2.
I calculated maximum yield per recruit (Max YpR) and the associated fishing mortality
(Fmax) as well as the fishing mortality associated with a spawning potential ratio of 0.4
(FSPR40%) from yield per recruit and spawning stock biomass per recruit calculations. Max
YpR is the maximum yield per recruit at any fishing mortality along the yield per recruit
curve. Fmax is the fishing mortality that produces the Max YpR. FSPR40% is the fishing
mortality that produces a spawning potential ratio of 0.4.
2.3 Results
2.3.1 Parameter estimates from the Growth-CAR model
I estimated spatially explicit asymptotic length (L∞) and growth rate (k) parameters
(Table 2.1) for male and female yelloweye rockfish in eight 250 km by 250 km grid cells
(Figure 2.1a) across BC waters. Spatially explicit estimates of k and L∞ varied across cells
and were statistically different (Table 2.1); however when these parameters were combined
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with model error to produce Von Bertalanffy growth curves, the resulting curves were not
statistically different (Figure 2.2).
Female yelloweye rockfish had a shorter asymptotic length than males in each of the
eight areas. The mean asymptotic length estimates for both sexes were most different along
the BC coast north of Vancouver Island around Finlayson and Dean/Burke Channels with
a difference of 34.94 mm (L∞,6,7 = 622.717, 89% HPDI [614.244, 630.760]; L∞,6 = 657.661,
89% HPDI [648.915, 666.020]). The smallest difference in asymptotic length between the
sexes was on the west coast of Vancouver Island with a difference of only 7.35 mm (L∞,3,7 =
620.146, 89% HPDI [613.563, 626.634]; L∞,3 = 627.498, 89% HPDI [621.089, 634.514]). The
longest mean asymptotic length for females, 649.932 mm, was off the west coast of Haida
Gwaii (L∞,4,7 = 649.932, 89% HPDI [637.239, 663.156]). The shortest mean asymptotic
length for females of only 598.129 mm was found southwest of Vancouver Island (L∞,1,7
= 598.129, 89% HPDI [578.990, 616.724]). Males had the longest mean asymptotic length,
664.324 mm, northeast of Haida Gwaii (L∞,7 = 664.324, 89% HPDI [655.607, 672.825]).
Males had the shortest mean asymptotic length along the continental shelf south west of
Queen Charlotte Sound (L∞,2 = 620.182, 89% HPDI [613.242, 626.840]).
Females and males had lower asymptotic length estimates in the same areas of the BC
coast. Both males and females tended to have shorter mean asymptotic lengths in areas
south of Queen Charlotte Sound than those in more northern areas. This north/south
divide, however, is not extreme because the range of both sexes was under 5 cm. Females
had mean asymptotic lengths between 598.129 and 649.932 mm (L∞,1,7 = 598.129, 89%
HPDI [578.990, 616.724]; L∞,4,7 = 649.932, 89% HPDI [637.239, 663.156]).
Mean growth rate for yelloweye rockfish was higher for males in all areas except the most
southern area (k1,7 = 0.076, 89% HPDI [0.065, 0.088]; k1 = 0.071, 89% HPDI [0.063, 0.079]).
The largest difference in growth rate between the sexes, of 0.011, was in Dixon Entrance
(k8,7 = 0.070, 89% HPDI [0.065, 0.075]; k8 = 0.081, 89% HPDI [0.075, 0.087]). Mean growth
rates were most similar between sexes northeast of Haida Gwaii with a difference of only
0.002 (k7,7 = 0.067, 89% HPDI [0.065, 0.070]; k7 = 0.069, 89% HPDI [0.066, 0.072]). Females
had the fastest growth rate in the most southern area, southwest of Vancouver Island (k1,7
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= 0.076, 89% HPDI [0.065, 0.088]). Males had the fastest growth rate in Hecate Strait
and around the southern end of Haida Gwaii (k5 = 0.084, 89% HPDI [0.082, 0.085]). Both
males and females had the slowest growth rate along the BC coast north of Vancouver Island
around Finlayson and Dean/Burke Channels (k6,7 = 0.065, 89% HPDI [0.062, 0.068]; k6 =
0.067, 89% HPDI [0.064, 0.071]).
The maximum yield per recruit (Max YpR) varied for each grid cell (Figure A.2; Table
2.3). Max YpR was highest in Dixon Entrance (Max YpR8 = 1159.180), and lowest southwest
of Vancouver Island (Max YpR1 = 942.958). Max YpR was higher than the coastwide esti-
mate the three grid cells to the southwest and east of Haida Gwaii (Max YpR4 = 1143.561,
89% HPDI [1118.294,1165.831]; Max YpR5 = 1105.223, 89% HPDI [1092.146, 1108.644];
Max YpR8 = 1159.180, 89% HPDI [1110.699, 1183.497]; Max YpRCoast = 1085.74).
The fishing mortality associated with the maximum YpR (Fmax) varied for each grid
cell (Figure A.2; Table 2.4). Fmax was highest off the west coast of Vancouver Island (Fmax3
= 0.183, 89% HPDI [0.176,0.190]), and lowest northeast of Haida Gwaii (Fmax7 = 0.123,
89% HPDI [0.118,0.127]). Fmax was lower than the coastwide estimate in the five northern
areas (Figure A.2).
The fishing mortality that produced a SPR of 0.4 (FSPR40%) showed a north/south split
in estimates (Figure A.3; Table 2.5) with lower FSPR40% in northern areas (Figure A.3).
All the areas with an FSPR40% below the coastwide average were in the north (FSPR40,4 =
0.0487, 89% HPDI [0.048,0.05]; FSPR40,7 = 0.0467, 89% HPDI [0.046,0.047]; FSPR40,8 =
0.0498, 89% HPDI [0.048,0.051]). FSPR40% ranged from 0.0467 northwest of Haida Gwaii
to 0.057 off the west coast of Vancouver Island (Figure A.3).
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Table 2.1: Mean and 89% HPDI of Growth-CAR parameter estimates for female yelloweye
rockfish in 250 km by 250 km grid cells (see Figure 2.1a and Equation 2.7). ESS (effective
sample size) and the Rhat value are diagnostic outputs from STAN [70] for the model
fit. The model code was run using 2 chains and 8000 iterations (4000 burn in and 4000
sampling) with no divergent transitions.
sex parameter mean 89% HPDI ESS Rhat
female
L∞,1,7 598.129 (578.990, 616.724) 7418 1
L∞,2,7 610.581 (604.370, 616.879) 6897 1
L∞,3,7 620.146 (613.563, 626.634) 6267 1
L∞,4,7 649.932 (637.239, 663.156) 6782 1
L∞,5,7 617.066 (613.556, 620.474) 7685 1
L∞,6,7 622.717 (614.244, 630.760) 6739 1
L∞,7,7 637.757 (639.650, 645.084) 6801 1
L∞,8,7 642.472 (630.761, 654.296) 6161 1
k17 0.076 (0.065, 0.088) 7305 1
k2,7 0.072 (0.070, 0.075) 7160 1
k3,7 0.075 (0.072, 0.078) 6477 1
k4,7 0.070 (0.066, 0.074) 6528 1
k5,7 0.079 (0.078, 0.081) 7705 1
k6,7 0.065 (0.062, 0.068) 6863 1
k7,7 0.067 (0.065, 0.070) 6992 1
k8,7 0.070 (0.065, 0.075) 6916 1
t0 0.01 (1.10e-06, 3.17e-02) 9776 1
σ 45.39 (44.64, 46.09) 9056 1
male
L∞,1 622.993 (607.257, 640.787) 6825 1
L∞,2 620.182 (613.242, 626.840) 6446 1
L∞,3 627.497 (621.089, 634.514) 6193 1
L∞,4 659.385 (647.637, 671.334) 6049 1
L∞,5 629.688 (626.032 633.481) 6767 1
L∞,6 657.661 (648.915, 666.020) 5619 1
L∞,7 664.324 (655.607, 672.825) 6008 1
L∞,8 651.489 (639.602 663.766) 6390 1
k1 0.072 (0.063, 0.079) 6854 1
k2 0.079 (0.076, 0.082) 6312 1
k3 0.082 (0.079, 0.084) 6189 1
k4 0.076 (0.072, 0.080) 6242 1
k5 0.083 (0.082, 0.085) 6441 1
k6 0.068 (0.064, 0.071) 5725 1
k7 0.069 (0.066, 0.072) 5840 1
k8 0.081 (0.075, 0.087) 6767 1
t0 0.02 (2.248e-06, 0.041) 13232 1
σ 42.91 (42.233, 43.581) 11620 1




Figure 2.2: Spatially explicit Von Bertalanffy growth curves (solid lines) and 89% HPDI
estimates [61] (shaded areas) for female (a) and male (b) yelloweye rockfish in each of the
250 km by 250 km grid cells (Figure 2.1a) using parameter estimates from the Growth-CAR
model (Table 2.1). The blue points indicate raw length at age data.
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Figure 2.3: Mean and 89% HPDI maximum yield per recruit (max YpR) calculated using
Growth-CAR parameter estimates for each of the 250 km by 250 km grid cells. The dotted
blue line shows the mean coastwide estimate. Mean yield per recruit curves can be found
in the appendix (Figure A.3).
Figure 2.4: Mean and 89% HPDI fishing mortality associated with maximum yield per
recruit (Fmax) calculated using Growth-CAR parameter estimates for each of the 250 km
by 250 km grid cells. The dotted blue line shows the mean coastwide estimate. Mean yield
per recruit curves can be found in the appendix (Figure A.3).
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Figure 2.5: Mean and 89% HPDI estimates of fishing mortality associated with a spawning
potential ratio of 0.4 (FSPR40%) calculated using Growth-CAR parameter estimates for
each of the 250 km by 250 km grid cells. The dotted blue line shows the mean coastwide
estimate. Mean spawning potential ratio curves can be found in the appendix (Figure A.3).
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Table 2.2: Fishery reference points for management, including maximum yield per recruit
(Max YpR) and associated fishing mortality (Fmax), and fishing mortality associated with
a spawning potential ratio of 0.4 (FSPR40%) for each of the 250 km by 250 km grid cells
using Growth-CAR parameters.
parameter cell mean 89% HPDI
Max YpR
1 958.603 (900.815, 1016.858)
2 1009.806 (996.461, 1022.823)
3 1088.422 (1077.236, 1098.907)
4 1142.389 (1118.294, 1165.831)
5 1100.396 (1092.146, 1108.644)
6 986.285 (966.057, 1007.438)
7 1043.845 (1028.380, 1058.710)
8 1146.375 (1110.699, 1183.497)
Coast 1085.74
Fmax
1 0.168 (0.140, 0.191)
2 0.174 (0.167, 0.181)
3 0.183 (0.176, 0.190)
4 0.135 (0.128, 0.142)
5 0.157 (0.153, 0.160)
6 0.142 (0.134, 0.148)
7 0.123 (0.118, 0.127)
8 0.142 (0.131, 0.151)
Coast 0.164
FSPR40%
1 0.0548 (0.051, 0.058)
2 0.0557 (0.055, 0.057)
3 0.0570 (0.056, 0.058)
4 0.0487 (0.048, 0.050)
5 0.0521 (0.052, 0.053)
6 0.0508 (0.050, 0.052)
7 0.0467 (0.046, 0.047)
8 0.0498 (0.048, 0.051)
Coast 0.05
2.3.2 Maturity parameter estimates from the Age-at-maturity-CAR model
Spatially explicit estimates of age at 50% maturity, A50, and age at 95% maturity, A95,
(Table 2.3) were derived from α and β parameters estimates (Tables A.10 and A.11) from
the Age-at-maturity-CAR model. These parameters were estimated for sixteen 150 km by
150 km grid cells across BC waters (see Figures 2.6 and 2.7). The management relevance of
the spatial variation was quantified through estimates derived from the spawning potential
ratio (SPR).
The female A50 estimates were lower than those for males in every area (Figure 2.6). The
mean female A50 was highest off the top of Vancouver Island at 18.016 (A50,3,7 = 18.016,
89% HPDI [16.789, 19.270]). The highest mean A50 for males was 19.855 off the west coast
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of Vancouver Island (A50,4 = 19.855, 89% HPDI [19.003,20.706]). The lowest A50 for both
males and females was in the area southwest of Vancouver Island near Juan de Fuca Strait
at 7.117 (A50,2,7 = 7.117, 89% HPDI [0.009, 12.3447]) and 9.571 (A50,2 = 9.571, 89% HPDI
[2.434, 16.433]) respectively.
Females tended to have a lower A50 closer to the coast than along the continental shelf
(Figure 2.6a). The area around Bowie Seamount had A50 estimates that were between the
A50 estimates of the continental shelf and the coastline (Figure 2.6a).
The female estimate of A95 was lower than that for males in every area. The highest mean
A95 for females was 34.730 in Dixon Entrance, and the lowest mean A95 was 19.613 years old
along the coast just south of Prince Rupert (A95,14,7 = 34.730, 89% HPDI [28.446,40.525];
A95,15,7 = 19.613, 89% HPDI [12.093,29.459]). The highest mean A95 for males was 60.239
in the area southwest of Bowie Seamount, but this value also had the widest 89% HPDI
(A95,8 = 60.239, 89% HPDI [27.747,81.256]). The lowest male mean A95 was 25.12 in the
area northwest of Bowie Seamount (A95,12 = 25.12, 89% HPDI [20.244,29.704]).
Females showed had lower ages as 95% maturity in the same areas they had lower ages
at 50% maturity. Females tended to have a lower age at 95% maturity closer to the coast
and a higher age of maturity along the continental shelf (Figure 2.7a).The area of Hecate
Strait had a much higher mean A95, 34.7, than might have been expected from its mean
A50 of only 11.7 (A95,14,7 = 34.730, 89% HPDI [28.446, 40.525]). For females around Bowie
Seamount, A95 estimates were between the A95 estimates of the continental shelf and the
coastline, (Figures 2.6 and 2.7).
Male estimates of mean A50 showed different spatial patterning than the female estimates
did. Unlike females, males did not tend to have a lower mean A50 closer to the coast except
for the area between Hartley Bay and Bella Bella (grid cell 11) (A50,11 = 13.913, 89% HPDI
[11.526,16.737]). The other estimates of A50 around the coast were all between 16.5 and 19.6
(Figure 2.6b). The male A50 for areas in Queen Charlotte Sound were lower than those off
the west coast of Vancouver Island (Figure 2.6b). Male A50 values for areas around Bowie
Seamount ranged from 16.5 to 18.6 (Figure 2.6b). Male A50 values were significantly lower
25
in the most southern areas of BC waters (A50,1 = 13.230, 89% HPDI [8.826, 17.973]; A50,2
= 9.571, 89% HPDI [2.434, 16.433]).
Patterns in male A95 estimates were more similar to the patterns seen in female A50
estimates than to the patterns in male A50. Males tended to have a lower A95 estimates
closer to the coast compared to A95 estimates on the continental shelf (Figure 2.7b) The
area of Hecate Strait had a higher mean A95, 34.8, than the coastal areas next to it (A95,14
= 34.843, 89% HPDI [30.047, 39.119]).
The estimates for FSPR40% also varied with grid cell (Figure A.4; Table 2.4). FSPR40%
ranged from 0.0457 (in grid cell 10) to 0.0586 (in grid cells 2). The coastwide estimate, 0.05,
was higher than the estimates for five of the 16 grid cells estimates by up to 22% (Figure
A.4). All but one of these five grid cells lies along the continental shelf, the other, grid cell
14, constitutes Dixon Entrance (Figure A.4). The two highest FSPR40% estimates were in
the two most southern grid cells (Figure A.4).
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Table 2.3: Mean and 89% HPDI for age at 50% and 95% maturity (Equations 2.5 and
Equations 2.6) from the parameter estimates of the Age-at-maturity-CAR model. The model
was computed in STAN [70] using 2 chains and 8000 iterations (4000 burn in and 4000
sampling) with no divergent transitions.
Sex Cell A50 mean A50 89% HPDI A95 mean A95 89% HPDI
female
1 11.607 (6.661, 16.668) 22.734 (18.614, 26.920)
2 7.117 (0.009, 12.3447) 29.853 (20.021, 38.583)
3 18.016 (16.789, 19.270) 31.905 (29.770, 33.968)
4 16.109 (14.773, 17.485) 27.111 (25.209, 28.808)
5 16.956 (15.258, 18.730) 34.400 (31.387, 37.283)
6 14.897 (13.172, 16.548) 29.126 (27.440, 30.558)
7 13.470 (9.908, 17.308) 27.516 (24.338, 30.864)
8 10.530 (7.155, 14.048) 22.711 (17.394, 27.309)
9 14.457 (11.9517, 16.981) 28.804 (25.044, 31.980)
10 16.165 (15.125, 17.223) 30.863 (28.963, 32.620)
11 9.079 (5.795, 12.632) 21.626 (19.096, 24.290)
12 12.944 (9.786, 16.272) 22.560 (17.408, 27.418)
13 13.225 (11.238, 15.241) 24.382 (22.587, 25.992)
14 11.709 (6.780, 16.798) 34.730 (28.446, 40.525)
15 9.462 (3.980, 14.912) 19.613 (12.093, 26.454)
16 11.997 (6.659, 17.052) 22.192 (14.232, 29.459)
male
1 13.230 (8.826, 17.973) 26.652 (23.209, 29.985)
2 9.571 (2.434, 16.433) 29.465 (22.688, 36.058)
3 19.601 (18.217, 20.921) 40.857 (37.209, 44.330)
4 19.855 (19.003, 20.706) 30.626 (28.978, 32.321)
5 16.895 (14.417, 19.682) 45.744 (40.049, 51.346)
6 17.435 (15.919, 19.285) 42.569 (39.605, 45.539)
7 19.584 (17.232, 21.938) 35.601 (31.797, 38.910)
8 18.638 (11.949, 23.941) 60.239 (27.747, 81.256)
9 18.395 (16.983, 19.903) 29.525 (26.631, 32.236)
10 19.596 (18.639, 20.543) 38.921 (36.038, 41.701)
11 13.913 (11.526, 16.737) 31.556 (29.052, 34.186)
12 16.450 (13.815, 19.056) 25.120 (20.244, 29.704)
13 16.877 (15.182, 18.619) 32.319 (29.802, 34.594)
14 19.680 (16.967, 22.493) 34.843 (30.047, 39.119)
15 18.809 (14.814, 23.149) 29.800 (23.622, 35.503)
16 16.494 (8.401, 24.715) 30.060 (17.614, 41.220)
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(a) Female (b) Male
Figure 2.6: Mean age at 50% maturity estimates for females (a) and males (b) in each of
the 150 km by 150 km grid cells using parameter estimates from the Age-at-maturity-CAR
model. Estimates with uncertainty are given in Table 2.3.
(a) Female (b) Male
Figure 2.7: Mean age at 95% maturity estimates for females (a) and males (b) in each of
the 150 km by 150 km grid cells using parameter estimates from the Age-at-maturity-CAR
model. Estimates with uncertainty are given in Table 2.3.
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Figure 2.8: Fishing mortality where spawning potential ratio is 0.4 (FSPR40%) for each of
the 150 km by 150 km grid cells showing mean and 89% HPDI of spatially explicit age
at 50% and 95% maturity (A50 and A95).The dotted blue line shows the mean coastwide
estimate. Mean SPR curves can be found in the appendix (Figure A.4).
parameter mean 89% HPDI
FSPR40%,1 0.0580 (0.053, 0.063)
FSPR40%,2 0.0586 (0.053, 0.063)
FSPR40%,3 0.0482 (0.046, 0.049)
FSPR40%,4 0.0517 (0.050, 0.053 )
FSPR40%,5 0.0491 (0.047, 0.051)
FSPR40%,6 0.0527 (0.051, 0.054)
FSPR40%,7 0.0545 (0.050, 0.058)
FSPR40%,8 0.0527 (0.050, 0.055 )
FSPR40%,9 0.0477 (0.046, 0.050)
FSPR40%,10 0.0457 (0.045, 0.047)
FSPR40%,11 0.0540 (0.052, 0.056)
FSPR40%,12 0.0507 (0.047, 0.054)
FSPR40%,13 0.0500 (0.049, 0.053)
FSPR40%,14 0.0484 (0.045, 0.051)
FSPR40%,15 0.0542 (0.050, 0.059)
FSPR40%,16 0.0516 (0.046, 0.057)
FSPR40%,Coast 0.05
Table 2.4: Fishery reference points for management, including maximum yield per recruit
(Max YpR) and associated fishing mortality (Fmax), and fishing mortality associated with
a spawning potential ratio of 0.4 (FSPR40%) for each of the 150 km by 150 km grid cells




A primary goal of this chapter was to determine whether spatial phenotypic variation in
life-history traits, growth and maturity, existed for the outside population of yelloweye rock-
fish in BC and whether this phenotypic variation was relevant for management. I calculated
growth parameters using the Growth-CAR model (Equation 2.7) and calculated age at ma-
turity parameters using the Age-at-maturity-CAR model (Equation 2.10). I then used these
parameters to estimate fishery reference points (max YpR, Fmax, and FSPR40%), which I
compared to those based on coastwide estimates of growth and age-at-maturity. Comparing
spatially explicit reference point estimates to coastwide estimates allowed me to illustrate
the impact that including spatially explicit parameters might have in a particular grid cell.
This chapter provides insights into the prevalence of phenotypic variation and the impact
of including this information in assessments.
Asymptotic length and growth rate for yelloweye rockfish varied within the outside
population in BC and produced spatially explicit fishery reference point estimates that
differed from coastwide growth estimates. Some of the variation in fishery point estimates
was because different selectivity parameters were used for north and south grid cells, while
the coastwide just used the average of the two. The variation was not entirely due to this
difference in selectivity, however, because variation was seen beyond a simple north south
split in estimates. All of the variation in Fmax estimates were due to differences in the
growth rate parameter k because Fmax estimates using YpR are insensitive to changes in
asymptotic length [71, 72]. Increases (or decreases in YpR) could be due to variation in
asymptotic length as increases in asymptotic length will increase yield [73]. YpR estimates
are known to be highly sensitive to growth rate [72].
Growth variation might have come from variation in depth because yelloweye rockfish
live at depths 19 m - 251 m [40]; however, depth variation has been found to have minimal
impact on either asymptotic length or growth rate [74]. Variation might also have been a
consequence of assumptions that were used. For instance, data for all surveys, gears, and
years were combined in my computations. It is possible that the spatial heterogeneity in
traits is a result of either temporal variation or a result of variation due to gear type or
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survey. Fish with differing traits might be by different gear types and survey methods, which
could result in some spatial variation in life-history traits. Additionally, variation seen in
YpR and SPR estimates might be due to the different selectivity parameters used for the
fish in north and south PHMA survey areas. Adding this information would produce two
distinct curves if no other information impacted these fishery reference point estimates.
These results together show that there might be sufficient variation in growth to include it
in determining spatial management areas.
My age at maturity analyses suggest the existence of spatial variation in yelloweye rock-
fish that affects spawning potential ratio. Age-at-maturity was found to be sexually dimor-
phic in yelloweye rockfish, which agrees with males maturing later than females. However,
previous estimates seem to imply that males would likely mature at the same time as fe-
males or earlier [44]. Keppel and Olsen in 2019 found that age at 50% maturity estimates
for yelloweye rockfish showed the same estimate for males and females if it was calculated
using commercial fishing data; if they were calculated using survey data, like my research,
male outputs showed higher age at 50% maturity than females [75]. Keppel and Olsen give
no reasoning for this difference in estimates, but it might help to explain the outputs I am
seeing in my model. These yelloweye rockfish in the most southeastern block (near bottom
of Vancouver Island) might indicate an area of concern because the age at maturity is much
lower here than for any other area; lower age at maturity is known to be correlated with
fishing effort and especially fishing over-exploitation. This correlation with fishing effort
might also explain the lower age-at-maturities that are seen along the coast.
Yelloweye rockfish live on rocky reefs, which are located next to the coast, and are caught
primarily using hook and line which operates near the coast. Yelloweye rockfish were heavily
exploited in the mid 1980s to 1990s due to an increased demand for yelloweye rockfish in
live markets and a lack of restrictions on catch [76]. This pattern of younger age at maturity
near the coast is not evident in males at age at 50% maturity but the pattern is seen in
A95 values. Age-at-maturity has been shown to be an adaptive trait that is responsive to
external pressures such as fishing pressure [44]. Areas where fishing pressure has reduced
a population’s size can be associated with reduced age at maturity for that population
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[77]. This phenotypic variation in age-at-maturity is also shown in variation in FSPR40%.
FSPR40% does give an estimate of the impact of including these phenotypic variations in
age-at-maturity in management.
It has been found that it is important to split a population into smaller stocks for
management if that allows the scale of management to better match the scale of popula-
tion dynamics [6, 26]. If these two scales are mismatched the sustainability, profitability,
resilience, conservation, and biodiversity of fish can be impacted [5, 6, 36]. I argue that it is
also important to split a population into smaller stocks to allow the scale of management
to better match the scale of population phenotypic variation; if traits are similar from a
management perspective and offer similar estimates of fishery reference points, then they
warrant being grouped into a population. It is important that fishery management takes into
account biological information that would cause an area to potentially become overfished.
In this chapter, I found that there were significant differences between the fishery refer-
ence point estimates in each grid cell and the coastwide estimate. Failing to recognize the
fine-scale variation in fishery reference point estimates could have large impacts for smaller
spatial populations. For instance, based on coastwide estimates of growth FSPR40% was
0.05 but mean estimates ranged from 0.0467 in the most northern area to 0.057 on the west
coast of Vancouver Island. In this case the coastwide estimate is only overestimating the
lowest estimate by 6.6%. As long as the management strategy was precautionary enough
this 6.6% difference should not be enough to greatly impact the less productive northern
areas.
The potential damage in reference points is more apparent in estimates of Fmax. In these
calculations, the coastwide Fmax of 0.164 overestimated the lowest mean Fmax estimate by
25%. If managers were trying to optimize yield and setting targets close to Fmax this could
have detrimental impacts on the areas where Fmax was overestimated (in the far north and
west of Haida Gwaii).
The coastwide estimate of FSPR40% overestimated estimates using spatially explicit age-
at-maturity in five of the 16 areas by up to 8.6%. Future work could be done to investigate
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the benefit of using multiple spatially explicit life-history trait estimates at once, like using
spatially explicit growth with spatially explicit age at maturity models.
Although, yelloweye rockfish are specified as two genetically distinct populations (or
stocks for management) in BC, it might be useful to specify finer scale stocks within the
“outside population” to incorporate phenotypic variation in age at maturity. The most
recent stock assessment for the outside population of yelloweye rockfish split the stock into
a north and a south stock based on stakeholders’ concerns [69]. The single yelloweye rockfish
stock is not only a concern to biologists but also to fishermen as a single stock does not
inform on how to allocate catch across the BC waters [69]. The single stock model suggests
a uniform catch distribution over non-uniform fish abundance. Stakeholders had suggested
that yelloweye rockfish tended to be more abundant in the north and less abundant in the
south so a two stock assessment was completed so as to give better estimates of fishery
reference points for the two areas [69].
Both fishing effort and species abundance are not uniform so a coastwide estimate for
reference points is least likely to be the scale of management that best represents the
population. Life history traits of a population are known to be impacted when a population
is heavily fished. Therefore, if fishing effort has a non-uniform distribution and fishing effort
impacts life history traits, then it would stand to reason that the impact on life history traits
would also be non-uniform. Using a coastwide estimate, which assumes uniform distributions
and life-history traits, might not be the best fit. Even just failing to update life history traits
estimates for a population regularly can have big impacts on fishery reference points even
if the stock boundaries never change [78]. Using different estimates of life history traits can
have a large impact on fishery reference point estimation and therefore big impacts on the
species.
2.4.1 Limitations
One limitation was that my two analyses were done on two different grids that were not
comparable. Some of the cells are not in ideal locations for instance, in the 150 km by 150
km grid, cell number 10, straddles the bottom of Haida Gwaii. This means that there are
fish on either side of the island that are being assumed to be one homogeneous population,
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and also neighbours with cells on either side of Haida Gwaii. This would mean that my
results are not representative of the population in that area. Future work could be done to
test the sensitivity of my results to how the grid is defined.
I used a specification for the VBGF that results in correlated estimates of L∞ and k. The
Schnute parameterization, which avoids correlation, also requires information about length
representative of early stages [79]. The Schnute paramaterization depends on an estimate
of length for early and late sizes. A good estimate of these sizes does not exist for yelloweye,
and studies of growth in other rockfish growth use the general parameterization so I also
chose to use the general parameterization [80, 81].
Additionally, the quality of my model results depends on the quality of the data and the
assumptions that were made in the model. For the Growth-CAR model, the data inputs
(age and fork length) are highly accurate as age is taken from otolith bones (confidence
of variation for yelloweye age estimates from otoliths is 3.6% - 4.5% [82]), and fork length
is measured in millimeters. The data for the age at maturity model has more potential
problems in that maturity designation is made based on a visual assessment of the gonads.
It can be hard to tell an immature fish from a spent mature fish in some cases, which
could lead to some erroneous estimates from age at maturity data. Determining between
immature and mature though is more accurate than the accuracy of a fish being in one of
the seven maturity states, so I just used a binary estimate with only immature or mature
fish. Until there is a more precise way to estimate maturity, all estimates that use maturity
data are faced with these issues. If immature fish were wrongly assigned mature, A50 and
A95 estimates would be lower.
2.5 Conclusion
In this chapter, I aimed to understand if including phenotypic variation within ge-
netically homogeneous populations would have an impact for management. Specifically, I
evaluated the potential impact of using spatially explicit life-history parameter estimates
on fishery reference points for yelloweye rockfish.
34
I found that parameter estimates for both growth and age-at-maturity varied in space for
yelloweye rockfish. Fishery reference points based on spatially explicit growth and maturity
estimates gave different estimates of YpR, Fmax, and FSPR40% than those calculated based
on single coastwide estimates. When using spatially explicit growth parameter estimates,
mean FSPR40% would have been overestimated in every cell based on the coastwide growth
parameter estimates, and Fmax for five of the eight areas would have been overestimated
by the coastwide estimate by up to 25%. When using spatially explicit age-at-maturity
estimates, FSPR40% based on the coastwide estimate would have overestimated FSPR40%
estimates in 5 of the 16 grid cells by up to 22%.
Both age-at-maturity and growth parameter estimates exhibit the phenotypic variation
in these traits and how these can have a large effect on fishery reference points. Genetic
information is a wonderful resource and can give clear delineation between populations, but
it does not provide all the information useful to fishery managers. Therefore, phenotypic and
genetic information should be used in conjunction to create a broader picture of population
structure.
Further research is needed to bring this information into management. More work needs
to be done to quantify how much phenotypic variation (or how much variation in fishery
reference points) is acceptable to have within a single stock. Work also could also be done
to determine where spatial breaks in these stocks should be to optimize management. In
the most recent yelloweye rockfish assessment, the outside population was treated as two
spatial areas, which is an improvement on the single coastwide approach, but this chapter
shows that there is variation at a smaller scale than a 2 population split. This chapter illus-
trates that spatially explicit life-history traits can exist within a genetically homogeneous
population and that these spatially explicit parameters can impact fishery reference point
estimates.
Therefore, this chapter gives evidence that a population could be genetically homoge-
neous but still have fine scale phenotypic variation that impacts reference point calculations
and therefore could influence management decisions.
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Chapter 3
Variation in movement parameters
of sablefish in BC
3.1 Introduction
Phenotypic variation (the variation in observable traits or behaviours of individuals) has
been used in fisheries to delineate stock boundaries for management [1, 2]; however, with in-
creasing prevalence and affordability of genetic testing, genetic analysis is often used instead,
offering seemingly the whole picture of population structure to managers [12, 14, 15, 16].
Stocks delineated through phenotypic analysis often do not match those suggested by genet-
ics, and genetic analysis is often preferentially chosen to delineate management areas [14, 17].
Phenotypic variation in behaviours such as movement are harder to quantify than variation
in other life history traits, because it is hard to determine whether movement patterns are
driven by environmental processes. Nevertheless, phenotypic variation in movement can be
important for managers because movement patterns can drive underlying spatial structure.
3.1.1 Importance of matching spatial scales
Phenotypic variation in life-history traits (such as movement) can impact the popula-
tion dynamics of a species. Fishery managers attempt to maintain the balance between
preserving ecological diversity and preventing economic loss. Managing exploitation on the
same spatial scale as a populations dynamics can allow managers to avoid local depletions
while balancing the tradeoffs between risks to diversity and fishery yield in a biologically
precautionary way [5, 6, 25, 36].
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Fish movement patterns may help inform on stock structure boundaries [83]. Sub-
populations with a high degree of movement among them should be combined for manage-
ment purposes, but sub-populations without movement between them should be assessed
separately but acknowledging among sub-population movement [83]. For instance, setting
fishery reference points for management based on an incomplete understanding of popula-
tion structure could lead to assuming homogeneity in population size and overestimating
the local population leading to local depletions from overfishing; similarly, underestimating
a population’s productivity could lead to underfishing and economic loss [6, 26] An addi-
tional concern is loss of local biodiversity due to misinformed population structure. When
managers lump smaller populations into a large unit stock, distinct features of local popu-
lations are masked in the average [6]. This can result in a loss of local diversity when catch
quotas result in unknowingly overfishing these smaller populations [6].
To counteract mismatch, more work should be done to illustrate and determine whether
population structure should be taken into account for management [84]. Understanding
movement can allow the manager to predict where fish are coming from and where they
are going. Movement patterning from tagging studies can help to inform stock assessments
and spatial management strategies and can help align management with spatial population
dynamics [85, 86].
3.1.2 Sablefish biology
Sablefish, Anoplopoma fimbria, in the northeast Pacific Ocean is a highly mobile, long-
lived, demersal fish species that occurs along the continental shelf from Japan to Mexico
[87]. Juvenile sablefish are initially transported by surface currents and rear in inshore inlets
until the ages of 2 - 5 when they move offshore to the deeper waters of the continental shelf
[88, 89]. Adult sablefish remain in these deeper waters and do not tend to move back to
the coastal inlet waters [88]. In British Columbia (BC), Canada, the sablefish fisheries has
a $20-40 million in landed values per year.
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3.1.3 Current knowledge on sablefish movement
Adult sablefish were seen to move up to 2000 km between the point of tag release and
tag recovery with an average yearly movement of 191 km/year [90, 91]. Movement patterns
for sablefish in Alaska have been quantified through tagging studies but have resulted in
contradictory patterns: one study found that small sablefish tended to move East while
another observing they tended to move West [92, 90].
Less is known about patterns of movement in BC sablefish. Sablefish have less than a
10% chance of moving from Alaska to BC in a year [92, 90]. In the other direction, about
12% of juvenile BC sablefish end up in Alaska on an annual basis, though these estimates
are from relatively few years of data [91]. Within BC, BC inlets sablefish do not tend to
move among inlets (probability of less than 0.001) [93], but they do move offshore with
probabilities of 0.4 - 0.7 from each of the four BC inlets [93]. Additionally, sablefish move
bi-directionally between the continental shelf and seamounts within Canada [88]. However,
Beamish and McFarlane suggested that there might be two types of movement behaviour in
adults, residents and migrants [91]. Such propensity to migrate or not could reflect distinct
movement phenotypes in sablefish [9, 10, 11].
3.1.4 Research objectives
In this chapter, I will investigate movement patterns for sablefish of three size classes
– sublegal (< 55 cm), medium (55 - 65 cm), and large (> 65 cm) – originating in BC by
estimating movement rates among 12 areas (Figure 3.2). The size classes roughly correspond
to the size of immature, maturing, and mature fish, based on those used by Hanselman et al.
2015 in Alaska, but with the divide between the smallest size class and medium fish adjusted
from 57 cm to 55 cm to capture the differences between sublegal and legal movement of
sablefish in BC [90]. I develop a Markov movement model fit to tag release recovery data to
test four hypotheses related to patterns of movement within BC, as well as to Alaska (AK)
and the West Coast of the U.S. (WC) (Figure 3.1). I use estimated movement patterns to
suggest potential phenotypic variation in sablefish movement.
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The 4 hypotheses for sablefish movement are closed and transboundary forms of a single
population and two populations split north/south (Figure 3.1). In every hypotehesis, inlet
fish are assumed to move towards the continental shelf in BC with no reciprocal movement
of continental shelf fish to the inlets in one month as this is well documented (e.g. [93, 88]).
A “closed population” hypothesis assumes no movement into the U.S. waters of BC sablefish
while a “transboundary population” hypothesis assumes movement to the U.S. West Coast
or Alaska or both. Movement of fish from Alaska and the U.S. West Coast into BC waters
was not considered as it is outside the scope of this project. As well as determining which
movement hypothesis best fits the movement rates, I will examine movement rates along
the continental shelf to determine if they are consistent with the migrant and resident
population hypothesis suggested by Beamish and McFarlane in 1988 [91].
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Figure 3.1: Four hypotheses for sablefish movement in BC. The four hypotheses are a (1)
single closed population, (2) two (north/south) closed populations, (3) a single transbound-
ary population, and (4) two (north/south) transboundary populations (see Table 3.1). The
path mapped by the arrows as well as the thickness of the arrows have no implications, they
only indicate the direction of movement and one possible illustration of that hypothesis.
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Hypothesis Description of Hypothesis Support for Hypothesis
1: Closed single
population
In this hypothesis, fish move from inlets to the continental
shelf and along the continental shelf with no movement into
the U.S.
Currently the management strategy for the BC
sablefish fishery [94]. Inlets fish are known to move




In this hypothesis, two sablefish populations are divided
north/south in BC. Depending on the location of the break-
point, fish from PI and IN could both contribute to the same
or different populations. There is no reciprocal movement
between populations, and no movement to the US.
A spatial breakpoint in sablefish length-at-age oc-
curs at the California Current bifurcation (occurs
along BC coast) [95]. One closed BC stock is cur-
rently used for management [94]. Inlets fish are
known to move offshore as they age [93, 88].
3: Transboundary
single population
In this hypothesis, fish move from the inlets to the continen-
tal shelf with movement to U.S. waters. Movement to Alaska
and the U.S. West Coast is possible for fish from PI and IN.
Genetic analysis suggests that one sablefish popu-
lation off the West Coast of the U.S. and Alaska





In this hypothesis, two sablefish populations are divided
north/south in BC. Depending on the location of the break-
point, ish from PI and IN could both contribute to the same
or different populations. There is no reciprocal movement
between populations. South population fish move south to
the US, and north population fish move north to Alaska.
Sablefish were thought to be north/south trans-
boundary populations with a split from Northern
Vancouver Island based on timing and distribution
of tag recoveries [96]. Sablefish can move between
Canada and the U.S. [90]. Inlets fish are known to
move offshore as they age [93, 88].
Table 3.1: Four hypotheses for observed movement of BC sablefish
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3.1.5 Current knowledge on sablefish population structure
Current sablefish stock assessment and MSE assumed closed population structure, i.e.
no immigration/emigration to the US, although sablefish are genetically homogeneous be-
tween the U.S. West Coast and Alaska [4]. Sablefish were originally thought to comprise
two populations along the Pacific Coast. One population from Northern Vancouver Island
up to the Aleutian Islands, and the other south from northern Vancouver Island to Baja
California [96]. This two population structure was based upon timing and spatial distribu-
tion of Sablefish tag data recoveries in the United States. More recently, a genetic analysis
suggests that sablefish form one single panmictic stock across the Pacific coast [4]. This tag-
ging research and genetic analysis suggest a population structure that extends over national
boundaries. Sablefish, however, are managed independently between the United States and
Canada as three self-contained stocks (Alaska, BC, and the U.S. West Coast).
3.2 Methods
3.2.1 Tagging data
I fit a Markov movement model to more than 520 000 tag releases and 70 000 tag
recoveries. The tags were released between 1979 and 2018 from the three BC sablefish
tagging surveys (traditional standardized program, the traditional tagging program, and the
stratified random survey). Recovered tags were taken both from BC fisheries and surveys,
as well as U.S. commercial fisheries.
3.2.2 Size classes
I used three size classes, sublegal (< 55 cm), medium (55 - 65 cm), and large (> 65 cm),
for the sablefish data similar to Hanselman et al. 2015 [90]. These size classes were chosen
because they roughly correspond to the size of immature, maturing, and mature sablefish.
Hanselman et al. had the medium size class start at 57 cm, but I chose to use 55 cm to
capture differences between sublegal and legal movement of sablefish in BC [90].
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3.2.3 Geographic boundaries of sablefish Markov movement areas
Sablefish in BC were tagged along the continental shelf (Figure 3.2 areas S1 – S5) and
within the coastal inlets (Figure 3.2 areas “PI” and “IN”). Inlets sablefish migrate out of the
inlets and contribute to the continental shelf commercial fishery [93]. The high mobility and
migration of sablefish led me to partition the coast into 12 areas for the Markov Movement
Model. A movement area, for the sake of this paper, was defined as an area that a fish can
either remain in or move from in one month. The 12 areas were chosen to best illustrate
the movement patterns of sablefish in BC with relevance to sablefish fishery management.
Although sablefish movement into BC from Alaska and the U.S. West Coast were out of
the scope of this project, they were included as BC tag recovery areas [88, 90]. For simplicity
these areas were treated as “sink” locations where BC tagged fish can be recovered, but
the model assumed no movement from U.S. waters back into BC. This meant that the
model was able to illustrate emigration out of BC but not immigration into it. Additionally,
the outer BC water (Figure 3.2, area OW), which encompassed the outermost areas of the
Groundfish Management areas, was also assumed to be a sink due to the low amounts of
released and recovered tags in this area and to increase the simplicity of the model.
The continental shelf stratified survey areas (Figure 3.2, S1 - S5) were the main areas
of tag releases in BC, and the geographic boundaries of all other model areas were built
around these areas. The four mainland inlets were grouped into 2 areas: “PI” consisted
of Portland Inlet, and “IN” consisted of Gil Island, Finlayson Channel, and Dean/Burke
Channel (Figure 3.2). The three southern inlets were grouped together (Area 12) because fish
from the inlets were assumed to move in more similar patterns due to their proximity and
the oceanographic features (troughs) that indicate that they would likely travel through
these troughs into “S3”. Portland Channel Inlet fish (area “PI”) were assumed to follow
different patterns, with these fish hypothesized to prefer travel to the continental shelf by
swimming north of Haida Gwaii into “S5” or up into Alaska (Figure 3.2).
The area around Vancouver Island was omitted due to the low number of releases (119
small, 10 medium, 1 large) and recoveries (74 small, 124 medium, 64 large) in the 40 year
dataset. Tags that were recovered in this area were removed from both the release and
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recovery dataset. The area of Hecate Strait (Figure 3.2 area “HS”) was separated from
Queen Charlotte Sound (Figure 3.2, area “QC”). The boundaries of the inlets, Hecate
Strait, and Queen Charlotte Sound were based on the boundaries of the Pacific Fisheries
Management Area (PFMA) regions. The boundaries of “PI” match with PFMA area 3.
“IN” is the union of PFMA areas 6, 7, 8, and 9. “HS” boundaries were formed from the
combination of areas 4, 5, 101, 102-1, 103, 104, and 105-1 minus the BC outside waters
(“OW”) and “S5”. “QC” was defined from PFMAs 10, 11, 102-2, 105-2, 106, 107, 108, 109,
110, and 111 excluding areas S2, S3, and S4. Additionally, the borders for Alaska and the
U.S.West Coast were taken from the EEZ region boundaries. The management areas were
compiled into a shapefile using the sf package in R [97, 98]. All mapping was done using
PBSMapping in R [99, 98].
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Figure 3.2: Twelve geographic movement areas reflecting the spatial extent of British
Columbia sablefish habitat types, release locations, and fisheries as well as adjoining waters
(treated as sinks). The area boundaries are based on the stratified random survey areas,
the Pacific Fisheries Management Areas (PFMA), and Exclusive Economic Zones (EEZ).
Abbreviations are PI: Portland Inlet, IN: Other Inlets, HS: Hecate Strait, QC: Queen Char-
lotte Sound, S1 – S5: Stratified Random Survey Areas, OW: Outside Waters of BC, AK:
Alaska, WC: US West Coast.
3.2.4 Movement model
I used a Markov Chain Model on a countable state space (also known as a Markov
Movement Model) to estimate movement rates among predetermined areas using tag release
and recovery data. I used a Markov model because it allowed for transition probabilities
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to be estimated among areas due to the memory-less nature of the Markov property. My
Markov movement model had three components: (i) a population dynamics and movement
model, (ii) a tag recovery model, and (iii) a likelihood function [90, 92, 100].
Similar to Hanselman et al. 2015, I investigated movement patterns of sablefish [90]
partitioned into sublegal (< 55 cm), medium (55 - 65 cm), and large (> 65cm) size classes
[90]. I used one model with parameters estimated separately for each size class so that
process error parameters were shared among the size classes. The model was developed in
Template Model Builder (TMB) software to run this analysis [101].
Population Dynamics and Movement Model
The population dynamics and movement model predicted the number of tagged sablefish
from each release group present in each area at each point in time. to estimate movement
and survival of a release group of a given size class over time. A release group consisted
of fish tagged in a certain area a during a particular time-step t (in this case a month).
Movement rates were calculated on a monthly timestep, but results are given as annual
rates to make them more relevant to sablefish management.
St,a,g is the proportion of fish that survive from the current month t to the next month
t + 1 in a given area a and size class g (equation 3.1).
St,a,g = e−(Ft,a,g+m+h) (3.1)
Survival of tagged fish (St,a,g) was assumed to depend only on fishing mortality (Ft,a,g),
natural mortality (m), and tag loss (h), assuming that the effort involved in migrating does
not have any impact on tag survival (equation 3.1). Tag loss (h) was included in survival
because it cannot be distinguished from natural mortality.
Ft,a,g, fishing mortality from survey or commercial gear, varied with month t, area a,
and size class g. Fishing mortality for a particular area was calculated as average fishing
mortality times the relative fishing effort in that area. The annual instantaneous fishing
mortality was converted to a monthly instantaneous fishing mortality by weighting the
annual fishing mortality by the proportion of tags recovered in each month out of the year
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where λg was a parameter used to account for selectivity or bias in the fishing mortality
(Ft,a,g) values for a specific size class [90], F̄t was the Alaska, WC, or province-wide annual
instantaneous fishing mortality rate for the year in which the monthly timestep t fell, E′′a
was the relative fishing effort in a given area, Rs,r,g,m(y,t),a was the number of recovered tags
released in month s in area r at size g, and recovered in area a in a specific month of a the
current year m(y, t) where
m(y, t) = 12(y − 1) + [(t − 1)mod12] + 1 (3.3)
and Rs,r,g,t,a was the number of recovered tags as above but without the m(y, t) conversion.
For Alaska, I used the estimates of total annual fishing mortality, F̄t, from the Alaskan and
US West Coast Stock assessments [102, 103]. I estimated the average fishing mortality rate
for the entire province of BC, where spatially explicit F̄t was not available, from harvest
rates as
F̄t = −log(1 − Ht) (3.4)
where Ht was the annual harvest rate for the year in which the monthly timestep t fell. I
used the legal harvest rates from the most recent estimate of sablefish stock status in BC
[104].
Relative fishing effort (E′′a) for the continental shelf areas (S1 - S5) and inlet areas (PI
and IN) taken from Cleary et al. 2007 (Table B.4). because there were no relative fishing
effort values for the BC outside waters (OW), Hecate Strait (HS), Queen Charlotte Sound
(QC), Alaska (AK), or the US West Coast (WC), these areas were assumed to have a
relative fishing effort of 1.
Sablefish movement rates were the main estimated quantities in this study. Together
with the survival rates and tag releases, the movement rates were used to predict tag
abundances, and in turn tag recovereis at each timestep in each area. The movement rates
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were parameterized such that retention and emigration always summed to 1. ρ was the set
of ρi,a,g movement parameters for sablefish of size g from area i to area a. Sablefish were
assumed to move only at the end of the month. Movement was constrained in the model
specification to only be able to move to a neighbouring area within one month (Table B.2).
The ρi,a,g rates were constrained to be non-negative which is one of the properties of a
Markov movement matrix. Φmong was the Markov movement matrix in this model where
Φmong was the set of ϕmoni,a,g monthly movement rates. Movement rates from each area were















ρi,a,g i = a
(3.5)
The resulting movement matrix for each size class g is Φmong which gives all the movement
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For each size class, the annual movement rates were found by taking the monthly matrix to
the 12th power such that Φg = (Φgmon)12. Each element of the resulting annual Φ matrix
for a particular size class g is an annual movement probability, ϕi,a.
The population dynamics and movement model predicted sablefish abundance at each
timestep and each area. Predicted abundance (Ns,r,g,t,a) followed a different equation in the
month and area of release (t = s and a = r):
Ns,r,g,t,a =

cTs,r,g t = s, a = r∑n
i=1(Ns,r,g,t−1,iSt−1,iϕmoni,a,g) t > s
0 t < s
(3.7)
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In the month and area of release, the predicted abundance (Ns,r,g,t,a) depended only on the
number of tagged fish in a release group in a particular size class Ts,r,g, scaled by an initial
tag retention rate c, which was fixed at 0.9 meaning that only 90% of tags will remain
on fish immediately after tagging [105]. In the months after the month of release (t > s),
predicted abundance (Ns,r,g,t,a) depends on the total over all areas of fish in the previous
month t − 1 (Ns,r,g,t−1,i) that survived (St−1,i) and moved to the area a from another area
i or remained in area a (i.e. in the case where i = a). If t < s, the fish have not yet been
tagged and therefore the predicted abundance of those tags is 0.
Tag recovery model
The recovery model predicted the recovery of tags based on an adapted Baranov Catch






The model predicted the number of recoveries (R̂s,r,g,t,a) in month t and area a from tags
that were part of a particular release group (released in month s in area r at size g). The
number of predicted recoveries (R̂s,r,g,t,a) depended on the predicted abundance of tags
(Ns,r,g,t,a) from a particular size class g and release group in a given area a and month t;
it depended on the tag reporting rate (Wg,t,a) for a size class g, month t and area a; and
depended on the fish not being caught through fishing 1 − e−Ft,a,g .
Tag reporting rates (Wg,t,a) were taken from unpublished reporting rates calculated for
the stratified random survey areas [106] (Table B.3), which varied by size class and gear type
and were assumed to be constant over time. To specify a tag reporting rate for each area, I
took commercial catch data (landed and discarded) from 1979 - 2018 that was partitioned
by my 12 areas. In each area, I determined the proportion of annual catch from each gear
type in that area and used those values to weight the tag reporting rates. For sublegal sized
sablefish (< 55 cm), I used the tag reporting rates for sublegal fish (Table B.3), and for
both medium and large sablefish I used the tag reporting rates for legal fish (Table B.3).
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Likelihood
I fit the model to the data by maximum likelihood methods. I used a negative binomial
(NB1) error distribution in the same method as Hanselman et al. 2015 [90, 107]. The
likelihood function was given by


























Annual sablefish movement patterns (Figures 3.3, 3.4, and 3.5), and movement rate
estimates with standard errors (Figures B.1, B.2, and B.3) varied with size class.
3.3.1 Movement rates for sublegal sablefish
The movement pattern for sublegal sablefish in one year (Figures 3.3 and B.1) was most
consistent with hypothesis 4, two (north/south) transboundary populations (Figure 3.1);
the southern population comprised S1, S2, and WC, and the northern population consisted
of the rest. Sublegal sablefish north of S2 had the highest probability to stay north of S2
with northern sablefish on the continental shelf tending to end up in S3 or S5 (Figure 3.3).
The northern areas had high probabilities of transboundary movement into AK in one year,
especially for fish originating in PI where fish had a probability of 0.26 ± 0.013 of moving
to AK (Figure 3.3). Sablefish in areas S2 and S1 had the highest probability to stay south,
and sublegal sablefish in S1 only moved as far north as S2 in one year. There was very little
transboundary movement observed for the southern fish in one year with only a 2.8±0.18%
chance of a fish in S1 moving to WC, and similarly only a 1.2 ± 0.16% chance from S2
(Figure B.1).
The split between the populations was indicated by the lack of reciprocal movement
along the continental shelf between S3 and S2. The rest of the shelf areas were highly
50
connected with good probabilities of reciprocal movement. Fish from S2 only had a 12.6 ±
1.45% chance of moving to S3 in one year, and only a 7.8 ± 0.84% chance of moving the
other direction. The movement probability from S3 to S4 were also low, but these sablefish
were likely swimming past S4 and ending up in S5 (Figure 3.3.
Figure 3.3: The movement rates among areas corresponding to the map for sublegal sized
sablefish (< 55 cm) in one year. Movement rates above 0.1 are shown as a black arrow
with the mean rate estimate. Rates between 0.05 and 0.1 are shown as a grey dashed arrow
without the value listed. Rates less than 0.05 are not shown. Full matrix of movement rates
along with their standard errors can be found in the appendix in Figure B.1.
3.3.2 Movement rates for medium sized sablefish
The movement pattern for medium sablefish in one year was most consistent with a hy-
pothesis 3, one transboundary population (Figure 3.1). Medium sablefish showed movement
among all most areas in BC without any distinct areas of split between populations (Figure
3.4). Medium sized sablefish in the inlets either moved north to Alaska or moved to the
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northern three continental shelf areas (S3 – S5). The most obvious patterns of movement
in fish of this size class was movement from the inshore to the continental shelf and then
movement along the continental shelf. A difference between these movement patterns and
those of for sublegal sablefish was the lack of a distinct break between S2 and S3. A lack
of movement north from S3 could be indicative of a spatial break in movement but is not
consistent with a north south break. Northern fish are moving south to S3 but tend to
pool in this area rather than cycle back to other northern areas, if they move preferring to
move south (Figure 3.4). The sablefish showed high movement into AK from PI, HS, and
S5 (Figure 3.4). Movement rates from S1 to WC were slightly higher for this size class with
a 4.2 ± 0.17% chance of a fish in S1 moving to WC (Figure B.2).
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Figure 3.4: The movement rates among areas corresponding to the map for medium sized
sablefish (55 - 65 cm) in one year. Movement rates above 0.1 are shown as a black arrow
with the mean rate estimate. Rates between 0.05 and 0.1 are shown as a grey dashed arrow
without the value listed. Rates less than 0.05 are not shown. Full matrix of movement rates
along with their standard errors can be found in the appendix in Figure B.2
3.3.3 Movement rates for large sablefish
The movement pattern for large sablefish in one year was most consistent with a hy-
pothesis 3, one transboundary population (Figure 3.1). Large sablefish showed movement
among most areas in BC without any distinct areas of split between populations (Figure
3.5). Large sablefish in the inlets had the highest probability to move to the continental
shelf or Alaska. The most obvious patterns of movement in fish of this size class was move-
ment from inshore to the continental shelf, high connectivity along the continental shelf,
and higher retention rates in each of the continental shelf areas (Figure 3.5). A striking
difference between these movement rates and those of the other size classes is the high
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amounts of reciprocal movement between neighbouring areas on the continental shelf. The
movement pattern is definitely transboundary with movement rates from PI, HS, and S5
into AK. Most continental shelf areas (except S4) showed high probabilities of retention
within these areas (Figure 3.5).
Figure 3.5: Movement rates among areas corresponding to the map for large sized sablefish
(> 65 cm) in one year. Movement rates above 0.1 are shown as a black arrow with the mean
rate estimate. Rates between 0.05 and 0.1 are shown as a grey dashed arrow without the
value listed. Rates less than 0.05 are not shown. Full matrix of movement rates along with
their standard errors can be found in the appendix in Figure B.3
3.4 Discussion
I quantified sablefish movement rates from tag releases in British Columbia and com-
pared movement patterns to four hypotheses for population structure (Figure 3.1) for move-
ment patterns in three size classes of sablefish using a Markov movement model fit to tag
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release recovery data. I found that sublegal sized BC sablefish showed a movement pattern-
ing consistent with two north south transboundary populations (hypothesis 4), and legal
sized sablefish (medium and large) showed movement patterning consistent with a single
transboundary population (hypothesis 3). These findings do not support the current closed
single population stock assumption used for sablefish management in BC.
The north south split in movement agrees with the findings of Kimura et al. in 1998 who
suggested a two stock structure for sablefish in the north pacific with the break happening
around the top of Vancouver Island (which is between areas S2 and S3 in my model) [96].
The north south split might be driven by the oceanographic features of the area. The North
Pacific Current comes from out in the Pacific Ocean and splits into two currents just off
the BC coast, with the Alaskan current heading north and the California Current heading
south [108]. It is possible that these small sablefish are moving with the current rather than
against it and therefore showing these north south patterns in movement; the idea that
sablefish travel along these currents has been speculated by both Kimura et al. 1998 and
Maloney in 2004 [109, 96].
The large sablefish had high levels of retention in the continental shelf areas (S5 – S1),
which is not contrary to idea of resident and migrant sablefish [91]. The propensity of a
sablefish to become a resident of an area rather than to be migrant might be two movement
phenotypes exhibited by this species. The propensity to move has been shown to be a trait
that can be phenotypically plastic [10, 110, 9]. The high retention rates in these areas along
with probabilities of moving might suggest this resident/migrant behaviour. Additional to
the increased retention, there is also increase reciprocal movement between neighbouring
areas on the continental shelf and this pattern is more pronounced for large fish than in
medium sized sablefish.
Movement rates of BC sablefish did not show reciprocal movement among all areas
of BC. Sablefish showed unidirectional movement from inshore to the continental shelf.
Sablefish in the inlets, Queen Charlotte Sound, and Hecate Strait appeared to only move
offshore not back into the inlets. Additionally, once sablefish are on the continental shelf
(S1 - S5) they move along the continental shelf and into U.S. waters, but they do not move
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back inshore. These findings are consistent with previous research which have shown that
adult sablefish settle at deeper depths [89], and sablefish do not move inshore to the inlets
[93]. The inlet to continental shelf movements of juvenile sablefish are well documented
and the movement parameters I found show the same patterns between the inlets and the
continental shelf areas as Cleary et al. [93].
3.4.1 Assumptions and Limitations
The movement model assumes that sablefish remain in the same size class they are
tagged in regardless of how long they are at liberty. This may mean that movement of
medium or large sablefish, those tagged as sublegal but with long times at liberty, were
attributed to sublegal sableifsh. More than half of the tagged sublegal sablefish and two-
thirds of the remaining tagged sablefish were recovered within two years of release. This
means that while this could still be an issue, many tags are returned before the fish have
likely changed size class distinctions.
An assumption for this work was that spatial fishing mortality rates were reasonably
approximated by an average fishing mortality rate times relative effort. Fishing mortality
rates were based on federal averages and was weighted based on relative effort calculations
[93]. Not all areas had a relative effort estimate so all those without an estimate were
assumed to be 1. Using relative effort estimates for some areas and not others might have
artificially decreased fishing mortality resulting in artificially increased movement rates to
that area. It was outside the scope of this project, but future work could be done to estimate
fishing mortalities directly within the model. For fishing mortality, I also did not separate
my fishing mortalities by gear type and the different areas in BC have different fisheries
that operate in them and therefore different gear the sablefish would be exposed to. The λg,
selectivity and bias, parameter which was estimated for each size class, might have absorbed
some of the bias due to different selectivities, but setting fishing mortalities based on gear
type in each area could have reduced potential bias in movement estimates.
Tag reporting rates are much lower in the U.S. West Coast waters than in Alaska or
BC [111, 90]. Although Heifetz and Maloney found that tag reporting was improving it was
low for sablefish in the 1980 and 1990s. I used 0.3 as the tag reporting rate in each year as
56
it was lower than the average Alaska and BC reporting rates and it was a rough average
of the annual estimates given by Heifetz and Maloney [111]. There is no accurate estimate
of tag reporting rate for the U.S. West Coast over all of the years of this study. If the tag
reporting rate I used was higher than the actual tag reporting rate (especially in relation
to the other tag reporting rates I used) then the model would underestimate the number of
fish that were moving to this area. A higher tag reporting rate than is reasonable might be
the reason for the low movement rates in the model.
Tag reporting rates were taken from three different sources for BC, Alaska, and the
US West Coast so it is possible that the scale of these estimates do not match with each
other and are therefore giving erroneous movement rates between these three federal areas.
Additionally, tag reporting rates for Alaska and the U.S. West Coast did not vary while BC
estimates had much lower tag reporting estimates for sublegal fish. Size specific tag reporting
rates for the U.S. are not available. My results show sablefish pooling in area S1 with quite
a bit of movement into S1, and then high retention in this area and little movement out
of this area. The high number of sablefish in area 1, combined with the potentially overly
high tag reporting rate values for the U.S. West Coast might suggest that some proportion
of these sablefish that are remaining in S1 are actually moving to the U.S. West Coast, but
more research would need to be done to estimate accurate tag reporting rates for the U.S.
West Coast. Sablefish in BC show transboundary movement but the extent to which is hard
to quantify without accurate estimates of tag reporting rates. Reducing the tag reporting
rate for the U.S. West Coast by half, changed movement rates of sablefish in S1, S2, and
S3 to 0.035 (± 0.002), 0.015 (± 0.002), and 0.001 (± 0.002) in small fish, 0.052 (± 0.002),
0.013 (± 0.001), and 0.001 (± 0.000) in medium fish, and 0.063 (± 0.001), 0.015 (± 0.03),
and 0.001 (± 0.000) in large fish
3.5 Implications for management: an illustrative example
Sablefish moved offshore from the inlets and tended to move in the most direct path to
the continental shelf. Sablefish in Portland Inlet moved over Haida Gwaii to S5 and Sablefish
in the other inlets (IN) moved to the S3. The sablefish moving from IN to S3 were likely
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doing so because they tend to swim through the deep channels (Moresby Trough, Mitchell’s
Trough, and Goose Island Trough) as is evidenced by high catch rates of sablefish in these
areas being in these troughs [112]. It is useful for managers to understand the contribution
of inlets sablefish to the commercial fishery and to understand where these inlet sablefish
end up. To illustrate this, I have done a worked example.
Movement rates can bring to life what is known about sablefish reproductive ecology and
development. Mainland inlets were closed to directed commercial sablefish fishing in 1994,
with the intent to protect the juvenile nursery areas in the inlets. Studies were never done,
however, to quantify the contribution of juvenile sablefish from the inlets to the continental
shelf or to the U.S. fishery. As an example, I will show where sablefish originating in the
inlets, Hecate Strait, and Queen Charlotte Sound will likely be by the time they are legal
sized.
Sablefish spawn in BC waters in January and February. The larvae and juvenile sablefish
are obligate surface dwellers that drift into the inlets arriving by July of the first year at size
of 5 cm and about 6 months in age [113, 89, 88]. Sablefish begin to leave the inlets and swim
offshore between the ages of 2 and 5 [88, 89]. Based on previously published length-at-age
curves, male and female sablefish reach legal size (55 cm) at an average of 3.5 years old
[96]. Because juveniles drift until the age of about 6 months I am going to look at where a
6 month old fish will end up at age 3.5, at legal size (36 months of movement).
As a worked example, imagine that initially 1000 fish of age 6 months were in each of
Portland Inlet (PI), the other three inlets (IN), Hecate Strait (HS), and Queen Charlotte
Sound (QC), and nowhere else. By the time these fish reached legal size, they have spread
across the other areas with probabilities illustrated in figure 3.6. Of these 4000 initial sable-
fish, 1,312 would end up in Alaska (Figure 3.6). This means about a third (32.8%) of these
initial BC juveniles ended up in Alaska. Conversely, I would only see 8 sablefish ending up
in the U.S. West Coast (Figure 3.6). The retention in the inlets for legal sized sablefish was
pretty low with only 26 sablefish left in Portland Inlet and 63 sablefish left in the other inlets
at the end of the 3 years. Most of the sablefish that ended up on the continental shelf would
be in area S3; there would be 1 057 fish in S3 which is about a quarter of the initial sablefish
58
(26.4%). S3 would get more fish from the IN area than from PI (327 fish compared to 203
fish). The next most populated continental shelf area would be S5 with 517 sablefish. The
other three continental shelf areas would have a much smaller but relatively even split with
164 sablefish in S4, 177 sablefish in S2, and 234 sablefish in S1. Sablefish in Portland Inlet
(PI) had the highest probability to end up in Alaska (AK), whereas sablefish in the other
inlets had the highest probability to end up in area S3 of the BC continental shelf. Sablefish
in Hecate Strait (HS) followed a similar pattern to Portland Inlet (PI) and Queen Charlotte
Sound (QC) fish followed a similar pattern the other inlets (IN). Therefore, the contribution
of BC juvenile sablefish in the inlets, Hecate Strait, and Queen Charlotte Sound to Alaska is
substantial. In this hypothesis, sablefish are more likely to end up in Alaska than any other
area. About a third of juvenile sablefish in these areas at 6 months old will end up in Alaska
by the time they are legal size. As for the BC contribution, most of these sablefish will end
up in S3. The contribution of BC inlets sablefish to the continental shelf commercial fishery
is not even across the whole continental shelf. The results here show that most of these fish
end up in two clustered pockets, either S3 or S5. It is useful for managers to know that a
third of sublegal sablefish will have moved to Alaska by the time they are of legal size, and
the contribution of inlets is clustered with it being most likely that of fish that moved to the
continental shelf, most end up in S3 or S5 when they recruit into the fishery. These findings
illustrate the need to understand the transboundary movement of sablefish, and the need
to understand that the contribution of sablefish from the inlets to the continental shelf is
clustered.
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Figure 3.6: Assuming 1000 6 month old juvenile sablefish started in each of the 4 areas
(PI, IN, HS, or QC), this is the number of sablefish after 36 months (now legal sized) that
would end up in each of the 12 areas.
3.6 Conclusion
In this chapter, I investigated if movement patterns for sablefish of three size classes
(sublegal (< 55 cm), medium (55 - 65 cm), and large (> 65 cm)) originating in BC were
indicative of underlying population structure by estimating sablefish movement rates among
10 BC areas as well as into Alaska and the U.S. West Coast (Figure 3.2).
Overall, sablefish movement patterns in BC varied with size class, and each showed
different patterning and amount of movement to the U.S. waters but especially Alaska.
Sublegal sablefish showed north and south movement with this pattern being less evident
for medium sized sablefish. Large sablefish did not show a north south split in movement,
but instead just showed directional offshore movement contributing to the S1 - S5 areas.
The retention in the continental shelf areas was also highest for large sablefish consistent
with the resident and migrant hypothesis [91].
These results illustrate that sablefish in BC do move to the U.S., and especially into
Alaska. One way to include this information would be to consider a transboundary man-
agement approach between Canada and the U.S.. Transboundary management between
Canada and the U.S. has been done in other species such as cod, haddock, and yellowtail
flounder on Georges Bank through the Transboundary Management Guidance Committee.
And in the Pacific, transboundary management is used for groundfish in the cases of hake
and halibut. Future research could examine movement patterns including movement from
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the U.S. into BC to examine how that impacts the movement patterns. Additionally future
work could be done to determine time varying movement parameters that might be able to




In this thesis I have demonstrated the existence of spatial variation in life-history traits
(growth, maturity, and movement) within genetically homogeneous demersal fish popula-
tions and the impact that this phenotypic variation could potentially have on these species
and fishery management targets. In the second chapter, I uncovered fine scale spatial vari-
ation in age at maturity for yelloweye rockfish in BC and that this variation can impact
fishery reference points. The variation in age at maturity demonstrates the existence of
phenotypic variation that influences fishery targets within this genetically homogeneous
population. This research provides additional evidence that the outside population of yel-
loweye rockfish in BC could benefit from being split into smaller stocks for management.
Future research should examine where these stocks should be delineated.
In the third chapter, I found that movement rates varied with size class, but all size
classes showed movement into Alaska. Smaller sized fish showed a north south split in
movement where fish north of Vancouver Island tended to stay north. This north south
split was not apparent for large (> 65 cm) sablefish. These larger sablefish also showed
higher retention on the continental shelf which is consistent with the idea of resident and
migrant sablefish in adult sablefish [91].
Animals can show phenotypic variation within genetically homogeneous populations
and this variation can affect how the exploitation of this species might be managed. It is
important to assess the presence of phenotypic variation within management stocks so as to
determine whether management relevant information might be being overlooked due to how
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the stock is partitioned. Future research should build on examining phenotypic plasticity
for other populations where stock boundaries were determined through genetic analysis.
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Appendix A
Appendix for Chapter 2
A.1 Maturity data
Table A.1: Number of mature individuals per 150 km by 150 km grid cell
Male Female
Cell immature mature immature mature
1 8 111 3 84
2 4 78 2 57
3 185 404 100 420
4 119 303 52 337
5 125 340 84 341
6 247 842 81 831
7 38 152 13 178
8 23 24 8 45
9 42 122 25 158
10 283 528 160 696
11 51 414 11 403
12 9 11 5 18
13 74 378 29 522
14 21 88 17 124
15 4 20 1 21
16 1 10 2 21
Additional parameter values used in Fishery reference point calculations.
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Figure A.1: The number of mature and immature males and females in each 150 km by 150
km grid cell.
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Table A.2: Coastwide parameter estimates used in conjunction with the Age-at-maturity-
CAR model and Growth-CAR model parameter estimates to determine Yield per Recruit
and Spawning Potential Ratio calculations for each grid cell and the coastwide estimates.





















A.2 Alternate Spatial Model Specifications for Yelloweye Rock-
fish
Initially I tried three specifications of spatial priors in both the Von Bertalanffy and age at
maturity models. The three specifications were a simple hierarchical structure (described
in Section 2.2.4, a CAR neighbours relationship (the model I ended up using, described in
Section 2.2.4), and a point reference spatial model (described here). The point-referenced
spatial model was similar to a CAR model, but spatial random effects were related to all
grid cells based on the distance (km) among the centroids grid cells instead of only being
related to neighbouring grid cells. The prior specification for the point-referenced spatial
model was:
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ωs ∼ MultiNormal(0, τeϕV ) (A.1)
[65].
where τ was the variance; ϕ is the decay term, ϕ > 0; V was the diagonally symmetric
matrix of distances of the form:
V =

ν11 ν12 . . .
... . . .
νn1 νnn
 (A.2)
where n was the number of grid cells and νi,j was the distance in km between the centroid
of grid cell i and grid cell j. The alternative specifications for the growth model were the
following:
(1) Hierarchical Specification (“Growth-Hier model”):
Li ∼ Normal(µi, σ) [likelihood]
µi = elog(L∞,i)(1 − e−(a−t0)e
log(k)) [model]
log(L∞,i) ∼ Normal(γ, 5) [prior on log(L∞)]
γ ∼ Normal(6.5, 3) [hyperprior on ln(L∞)]
log(k) ∼ Normal(0, 10) [prior on log(k)]
t0 ∼ Cauchy(0, 0.1) [prior on t0]
σ ∼ Cauchy(0, 50) [prior on σ]
(A.3)
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(2) Point Reference Specification “Growth-PointRef model”:
Li ∼ Normal(µi, σ) [likelihood]
µi = eln(L∞,i)(1 − e−(a−t0)e
ln(k)) [model]
ln(L∞,i) ∼ Normal(γ + ωs, 5) [prior on log(L∞)]
γ ∼ Normal(6.5, 3) [hyperprior on log(L∞)]
ωs ∼ MultiNormal(0, τeϕV ) [point-referenced prior]
t0 ∼ Cauchy(0, 0.1) [prior on t0]
τ ∼ Cauchy(0, 50) [prior on τ ]
ϕ ∼ Uniform(0, 1) [prior on ϕ]
σ ∼ Cauchy(0, 50) [prior on σ]
(A.4)
The alternative specifications for age-at-maturity models were the following:
(1) Hierarchical Specification (“Age-at-maturity-Hier model”):
Mi ∼ BinomialLogit(1, pi) [likelihood]
pi = αi + βiA [model]
αi ∼ Normal(µα, 10) [prior on α]
βi ∼ Normal(µβ, 10) [prior on β]
µα ∼ Normal(0, 10) [hyperprior on α]
µβ ∼ Normal(0, 10) [hyperprior on β]
(A.5)
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(2) Point Reference Specification (“Age-at-maturity-PointRef model”):
Mi ∼ BinomialLogit(1, pi) [likelihood]
pi = αi + βiA [model]
αi ∼ Normal(µα + ωα, 10) [prior on α]
βi ∼ Normal(µβ + ωβ, 10) [prior on β]
µα ∼ Normal(0, 10) [hyperprior on α]
µβ ∼ Normal(0, 10) [hyperprior on β]
ωα ∼ MultiNormal(0, ταeϕαV ) [CAR prior on α]
ωβ ∼ MultiNormal(0, τβeϕβV ) [CAR prior on β]
τα ∼ Cauchy(0, 50) [prior on τα]
τβ ∼ Cauchy(0, 50) [prior on τβ]
ϕα ∼ Uniform(0, 1) [prior on ϕα]
ϕβ ∼ Uniform(0, 1) [prior on ϕβ]
(A.6)
I used model comparison to determine which model I would use in the chapter. I used WAIC
methods for model comparison because they have been shown to be a fast,convenient, and
effective for Bayesian hierarchical methods [61]. Cross-validation comparisons could also
have been used but they are more time-consuming and computationally expensive, and
WAIC provided a reasonable alterative [114].
WAIC of all model specifications for the VBGF model gave the most weight to the Growth-
CAR model:
Table A.3: Widely Applicable Information Criterion (WAIC) outputs for alternate growth
models
WAIC SE dWAIC dSE pWAIC weight
Growth-CAR model 50247.3 138.15 0.0 NA 19.8 0.38
Growth-Hier model 50247.5 138.12 0.3 0.15 19.9 0.33
Growth-PointRef model 50247.8 138.13 0.5 0.14 20.0 0.29
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Similarly, WAIC of all model specifications for the age-at-maturity model gave most weight
to the Age-at-maturity-CAR model:
Table A.4: Widely Applicable Information Criterion (WAIC) outputs for age-at-maturity
models.
WAIC SE dWAIC dSE pWAIC weight
Age-at-maturity-CAR 2503.2 82.80 0.0 NA 34.0 0.40
Age-at-maturity-Hier 2503.5 82.93 0.3 0.50 34.1 0.35
Age-at-maturity-PointRef 2504.1 82.94 0.9 0.45 34.7 0.25
80
A.3 Outputs for Yelloweye Rockfish all Model Specifications
Growth-CAR Model Outputs:
Table A.5: Mean and 89% HPDI of Growth-CAR parameter estimates for female yelloweye
rockfish in 250 km by 250 km grid cells (see Figure 2.1a and Equation 2.7). ESS (effective
sample size) and the Rhat value are diagnostic outputs from STAN [70] for the model fit.
The models were performed on using 2 chains and 8000 iterations (4000 burn in and 4000
sampling) with no divergent transitions.
parameter mean 89% HPDI ESS Rhat
log(L∞,1) 6.39 (6.361, 6.424) 7418 1
log(L∞,2) 6.41 (6.404, 6.425) 6897 1
log(L∞,3) 6.43 (6.419, 6.440) 6267 1
log(L∞,4) 6.48 (6.457, 6.497) 6782 1
log(L∞,5) 6.42 (6.419, 6.430) 7685 1
log(L∞,6) 6.43 (6.420, 6.447) 6739 1
log(L∞,7) 6.46 (6.447, 6.469) 6801 1
log(L∞,8) 6.47 (6.447 6.484) 6161 1
log(k1) -2.58 (-2.728, -2.422) 7305 1
log(k2) -2.63 (-2.664, -2.590) 7160 1
log(k3) -2.59 (-2.627, -2.557) 6477 1
log(k4) -2.66 (-2.717, -2.599) 6528 1
log(k5) -2.53 (-2.556, -2.513) 7705 1
log(k6) -2.73 (-2.783, -2.685) 6863 1
log(k7) -2.70 (-2.740, -2.661) 6992 1
log(k8) -2.65 (-2.724, -2.582) 6916 1
t0 0.01 (1.10e-06, 0.032) 9776 1
τL 46.90 (0.044, 61.18) 857 1
τk 38.10 (0.012, 60.32) 1073 1
σ 45.39 (44.64, 46.09) 9056 1
µL 6.43 (4.86, 8.16) 3385 1
µk -0.63 (-3.44, 2.08) 9111 1
ωL,1 0.01 (-0.481, 0.430) 726 1
ωL,2 0.01 (-0.343, 0.356) 644 1
ωL,3 0.02 (-0.417, 0.395) 607 1
ωL,4 0.02 (-0.384, 0.355) 634 1
ωL,5 0.01 (-0.369, 0.309) 597 1
ωL,6 0.01 (-0.336, 0.363) 600 1
ωL,7 0.02 (-0.461, 0.452) 716 1
ωL,8 0.01 (-0.392, 0.379) 653 1
ωk,1 0.00 (-0.447, 0.474) 3759 1
ωk,2 -0.01 (-0.340, 0.359) 2265 1
ωk,3 -0.01 (-0.418, 0.410) 4818 1
ωk,4 -0.01 (-0.371, 0.397) 2906 1
ωk,5 0.00 (-0.364, 0.363) 2601 1
ωk,6 -0.01 (-0.350, 0.353) 2565 1
ωk,7 -0.01 (-0.484, 0.466) 2997 1
ωk,8 -0.01 (-0.368, 0.421) 2864 1
ϕL 0.51 (0.115, 1.000) 4212 1
ϕc 0.50 (0.100, 0.981) 6186 1
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Table A.6: Mean and 89% HPDI of Growth-CAR parameter estimates for male yelloweye
rockfish in 250 km by 250 km grid cells (see Figure 2.1a and Equation 2.7). ESS (effective
sample size) and the Rhat value are diagnostic outputs from STAN [70] for the model
fit. The model code was run using 2 chains and 8000 iterations (4000 burn in and 4000
sampling) with no divergent transitions.
parameter mean 89% HPDI ESS Rhat
log(L∞,1) 6.43 (6.409,6.463) 6825 1
log(L∞,2) 6.43 (6.420, 6.442) 6446 1
log(L∞,3) 6.44 (6.431,6.453) 6193 1
log(L∞,4) 6.49 (6.473, 6.509) 6049 1
log(L∞,5) 6.45 (6.439, 6.451) 6767 1
log(L∞,6) 6.49 (6.475, 6.501) 5619 1
log(L∞,7) 6.50 (6.486, 6.511) 6008 1
log(L∞,8) 6.48 (6.461, 6.498) 6390 1
log(k1) -2.64 (-2.768, -2.533 ) 6854 1
log(k2) -2.53 (-2.573, -2.497) 6312 1
log(k3) -2.50 (-2.541, -2.470) 6189 1
log(k4) -2.58 (-2.634, -2.522) 6242 1
log(k5) -2.48 (-2.506, -2.462) 6441 1
log(k6) -2.70 (-2.742, -2.647) 5725 1
log(k7) -2.67 (-2.711, -2.628) 5840 1
log(k8) -2.51 (-2.588, -2.438) 6767 1
t0 0.02 (2.248e-06, 0.041) 13232 1
τL 56.04 (0.046, 65.067) 1544 1
τk 34.19 (0.008, 50.294) 1073 1
σ 42.91 (42.233, 43.581) 11620 1
µL 6.47 (4.802, 8.070) 9635 1
µk -0.63 (-3.387, 2.185) 5325 1
ωL,1 -0.01 (-0.456, 0.407) 3611 1
ωL,2 -0.01 (-0.341, 0.325) 2400 1
ωL,3 -0.01 (-0.393, 0.391) 2494 1
ωL,4 -0.01 (-0.365, 0.341) 2354 1
ωL,5 -0.01 (-0.356, 0.309) 2335 1
ωL,6 -0.01 (-0.324, 0.324) 2247 1
ωL,7 0.00 (-0.406, 0.462) 2982 1
ωL,8 -0.01 (-0.346, 0.371) 2430 1
ωk,1 -0.02 (-0.516, 0.523) 734 1
ωk,2 -0.03 (-0.365, 0.398) 526 1
ωk,3 -0.03 (-0.447, 0.438) 587 1
ωk,4 -0.03 (-0.415, 0.399) 557 1
ωk,5 -0.03 (-0.396 0.371) 499 1
ωk,6 -0.03 (-0.397 0.390) 605 1
ωk,7 -0.02 (-0.523 0.490 ) 701 1
ωk,8 -0.03 (-0.424 0.409) 593 1
ϕL 0.50 (0.022, 0.902) 5669 1
ϕc 0.50 (0.039 0.931) 6186 1
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Growth-Hier model outputs:
Table A.7: Mean and 89% HPDI of Growth-Hier model estimates for female and male
yelloweye rockfish in 250 km by 250 km grid cells (see Figure 2.1a and Equation A.3). ESS
(effective sample size) and the Rhat value are diagnostic outputs from STAN [70] for the
model fit. The model code was run using 2 chains and 8000 iterations (4000 burn in and
4000 sampling) with no divergent transitions.
sex parameter mean 89% HPDI ESS Rhat
female
log(L∞,1) 6.39 (6.360, 6.424) 7278 1
log(L∞,2) 6.41 (6.404, 6.425) 7154 1
log(L∞,3) 6.43 (6.419, 6.441) 7429 1
log(L∞,4) 6.48 (6.457, 6.497) 7034 1
log(L∞,5) 6.43 (6.420, 6.431) 7743 1
log(L∞,6) 6.43 (6.421, 6.448) 7318 1
log(L∞,7) 6.46 (6.446, 6.469) 7297 1
log(L∞,8) 6.46 (6.448, 6.485) 7150 1
log(k1) -2.58 (-2.733, -2.427) 7359 1
log(k2) -2.63 (-2.665, -2.589) 7405 1
log(k3) -2.59 (-2.629, -2.557) 7407 1
log(k4) -2.66 (-2.720, -2.601) 6711 1
log(k5) -2.53 (-2.557, -2.514) 7855 1
log(k6) -2.73 (-2.781, -2.682) 6981 1
log(k7) -2.70 (-2.741, -2.662) 7119 1
log(k8) -2.65 (-2.724, -2.582) 7485 1
t0 0.01 (44.663, 46.162) 13526 1
γ 6.44 (4.854, 8.045) 12972 1
η -0.65 (-3.216, 2.221) 14019 1
σ 45.40 (44.663, 46.162) 15173 1
male
log(L∞,1) 6.43 (6.408, 6.461) 6124 1
log(L∞,2) 6.43 (6.419, 6.440) 7304 1
log(L∞,3) 6.44 (6.431, 6.453) 7466 1
log(L∞,4) 6.49 (6.474, 6.509) 7183 1
log(L∞,5) 6.45 (6.439, 6.451) 8144 1
log(L∞,6) 6.49 (6.476, 6.502) 7761 1
log(L∞,7) 6.50 (6.486, 6.512) 6751 1
log(L∞,8) 6.48 (6.460, 6.498) 7071 1
log(k1) -2.64 (-2.758, -2.524) 6630 1
log(k2) -2.53 (-2.571, -2.498) 7155 1
log(k3) -2.50 (-2.539, -2.469) 7344 1
log(k4) -2.58 (-2.634 -2.523) 7254 1
log(k5) -2.48 (-2.505, -2.462) 7922 1
log(k6) -2.69 (-2.742, -2.647) 7744 1
log(k7) -2.67 (-2.71, -2.63) 6755 1
log(k8) -2.51 (-2.587, -2.436) 7028 1
t0 0.02 (0.000 0.041) 11542 1
γ 6.46 (4.847, 8.012) 10267 1
η -0.63 (-3.577, 2.054) 11776 1
σ 42.91 (42.269, 43.608) 11300 1
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Growth-PointRef Model Outputs:
Table A.8: Mean and 89% HPDI of Growth-PointRef parameter estimates for female yel-
loweye rockfish in 250 km by 250 km grid cells (see Figure 2.1a and Equation A.4). ESS
(effective sample size) and the Rhat value are diagnostic outputs from STAN [70] for the
model fit. The model code was run using 2 chains and 8000 iterations (4000 burn in and
4000 sampling) with no divergent transitions.
parameter mean 89% HPDI ESS Rhat
log(L∞,1) 6.39 (6.360, 6.424) 6046 1
log(L∞,2) 6.41 (6.404, 6.425) 6545 1
log(L∞,3) 6.43 (6.419, 6.441) 5722 1
log(L∞,4) 6.48 (6.457, 6.497) 6192 1
log(L∞,5) 6.43 (6.420, 6.431) 6577 1
log(L∞,6) 6.43 (6.421, 6.448) 6290 1
log(L∞,7) 6.46 (6.446, 6.469) 6298 1
log(L∞,8) 6.47 (6.448, 6.485) 6208 1
log(k1) -2.57 (-2.733, -2.427) 6335 1
log(k2) -2.63 (-2.665, -2.589) 6473 1
log(k3) -2.59 (-2.629, -2.557) 5765 1
log(k4) -2.66 (-2.720, -2.601) 6088 1
log(k5) -2.53 (-2.557, -2.514) 6406 1
log(k6) -2.73 (-2.781, -2.682) 6057 1
log(k7) -2.70 (-2.741, -2.662) 6205 1
log(k8) -2.65 (-2.724, -2.582) 6300 1
t0 0.01 (0.000, 0.031) 10605 1
σ 45.39 (44.663, 46.162) 10116 1
τL 4.08 (0.002, 8.823) 1819 1
τk 10.23 (0.009 21.393 ) 1530 1
γ 4.81 (3.133 6.530) 3873 1
η -2.67 (-8.606, 3.156) 8141 1
ωL,1 0.47 (-1.857, 3.064) 4495 1
ωL,2 0.48 (-1.953, 3.019) 4591 1
ωL,3 0.49 (-2.064, 3.035) 4463 1
ωL,4 0.48 (-1.970, 3.095) 4506 1
ωL,5 0.44 (-1.907, 3.116) 4857 1
ωL,6 0.48 (-2.042, 3.116) 4093 1
ωL,7 0.49 (-2.076, 3.010) 4995 1
ωL,8 0.49 (-1.985, 3.090) 5230 1
ωk,1 0.05 (-4.667, 4.227) 8776 1
ωk,2 0.03 (-4.375, 4.789) 8428 1
ωk,3 0.01 (-4.697, 4.438) 8270 1
ωk,4 0.01 (-4.639, 4.574) 8275 1
ωk,5 0.02 (-4.662, 4.867) 8651 1
ωk,6 0.04 (-4.523, 4.692) 8784 1
ωk,7 0.01 (-4.444, 4.657) 8631 1
ωk,8 -0.04 (-4.496, 4.593) 8075 1
ϕL 0.49 (0.000, 0.885) 8090 1
ϕk 0.50 (0.000, 0.891) 11134 1
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Table A.9: Mean and 89% HPDI of Growth-PointRef parameter estimates for male yelloweye
rockfish in 250 km by 250 km grid cells (see Figure 2.1a and Equation A.4). ESS (effective
sample size) and the Rhat value are diagnostic outputs from STAN [70] for the model
fit. The model code was run using 2 chains and 8000 iterations (4000 burn in and 4000
sampling) with no divergent transitions.
parameter mean 89% HPDI ESS Rhat
log(L∞,1) 6.43 (6.408, 6.460) 7960 1
log(L∞,2) 6.43 (6.419, 6.441) 7120 1
log(L∞,3) 6.44 (6.431, 6.452) 6593 1
log(L∞,4) 6.49 (6.472, 6.509) 7221 1
log(L∞,5) 6.45 (6.439, 6.451) 8519 1
log(L∞,6) 6.49 (6.475, 6.502) 7323 1
log(L∞,7) 6.50 (6.486, 6.512) 8265 1
log(L∞,8) 6.48 (6.460, 6.498) 7813 1
log(k1) -2.64 (-2.757 ,-2.527) 8027 1
log(k2) -2.53 (-2.571, -2.498) 6950 1
log(k3) -2.50 (-2.537, -2.467) 6615 1
log(k4) -2.58 (-2.631, -2.520) 7644 1
log(k5) -2.48 (-2.506, -2.463) 8190 1
log(k6) -2.70 (-2.742, -2.646) 7281 1
log(k7) -2.67 (-2.709, -2.627) 8284 1
log(k8) -2.51 (-2.587, -2.436) 7891 1
t0 0.02 (0.000 0.041) 11725 1
σ 42.91 (42.200 43.561) 11794 1
τL 3.92 (0.003, 8.470) 1996 1
τk 10.68 (0.005, 22.414) 1463 1
γ 4.84 (3.212 6.598) 2733 1
η -2.59 (-8.613, 3.453) 10460 1
ωL,1 0.46 (-2.029, 2.885) 4635 1
ωL,2 0.48 (-1.965, 3.102) 4410 1
ωL,3 0.44 (-1.943, 3.035) 4383 1
ωL,4 0.46 (-2.226, 2.898) 3886 1
ωL,5 0.46 (-2.026, 2.988) 3558 1
ωL,6 0.47 (-2.081, 3.050) 4330 1
ωL,7 0.49 (-2.045, 3.016) 4245 1
ωL,8 0.47 (-2.031, 2.910) 4093 1
ωk,1 0.00 (-4.699, 4.629) 8260 1
ωk,2 -0.01 (-4.604, 4.842) 8618 1
ωk,3 -0.01 (-4.686, 4.430) 9339 1
ωk,4 0.00 (-4.497, 4.781) 8931 1
ωk,5 0.02 (-4.365, 4.686) 9157 1
ωk,6 -0.10 (-4.791, 4.402) 8972 1
ωk,7 0.00 (-4.910, 4.539) 9264 1
ωk,8 -0.04 (-4.398, 4.800) 8003 1
ϕL 0.49 (0.000, 0.883) 6967 1
ϕk 0.50 (0.027, 0.914) 10712 1
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Age-at-maturity-CAR Model Outputs:
Table A.10: Mean and 89% HPDI of Age-at-maturity-CAR parameter estimates for female
yelloweye rockfish in 150 km by 150 km grid cells (see Figure 2.1b and Equation 2.10). ESS
(effective sample size) and the Rhat value are diagnostic outputs from STAN [70] for the
model fit. The model code was run using 2 chains and 8000 iterations (4000 burn in and
4000 sampling) with no divergent transitions.
parameter mean 89% HPDI ESS Rhat
α1 -3.53 (-6.27, -0.97) 3789 1
α2 -1.08 (-2.157, -0.001) 5235 1
α3 -3.89 (-4.766, -2.927) 6494 1
α4 -4.41 (-5.586, -3.246) 6632 1
α5 -2.93 (-3.756, -2.048) 6813 1
α6 -3.14 (-3.949, -2.224) 5921 1
α7 -3.05 (-4.663, -1.278) 4985 1
α8 -2.98 (-5.048, -0.793) 4889 1
α9 -3.14 (-4.638, -1.836) 5789 1
α10 -3.28 (-3.920, -2.563) 6701 1
α11 -2.29 (-3.712, -0.869) 4853 1
α12 -4.56 (-7.232, -1.703) 4823 1
α13 -3.61 (-4.880, -2.287) 6847 1
α14 -1.65 (-2.763, -0.460) 4358 1
α15 -3.31 (-5.793, -0.316) 3797 1
α16 -4.07 (-6.779, -1.142) 4250 1
β1 0.29 (0.154, 0.411) 4825 1
β2 0.14 (0.078, 0.204) 7628 1
β3 0.22 (0.174, 0.256) 6652 1
β4 0.27 (0.217, 0.329) 6891 1
β5 0.17 (0.134, 0.209) 6937 1
β6 0.21 (0.171, 0.246) 6164 1
β7 0.22 (0.142, 0.291) 5283 1
β8 0.27 (0.130, 0.404) 5358 1
β9 0.21 (0.142, 0.280) 6063 1
β10 0.20 (0.170, 0.234) 6830 1
β11 0.24 (0.166, 0.317) 5883 1
β12 0.35 (0.168, 0.513) 5413 1
β13 0.27 (0.206, 0.332) 7058 1
β14 0.14 (0.084, 0.182) 5254 1
β15 0.34 (0.136, 0.520) 6112 1
β16 0.34 (0.146, 0.525) 6226 1
µα -3.18 (-4.141, -2.274) 5962 1
µβ -0.50 (-1.03, 0.00) 10567 1
ωα,1 -0.01 (-0.568, 0.571) 6239 1
ωα,2 0.08 (-0.601, 0.748) 3963 1
ωα,3 -0.02 (-0.461, 0.439) 5156 1
ωα,4 -0.02 (-0.466, 0.432) 5294 1
ωα,5 0.00 (-0.426, 0.434) 4623 1
ωα,6 0.00 (-0.437, 0.392) 5274 1
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Continued...
parameter mean 89% HPDI ESS Rhat
ωα,7 0.00 (-0.528, 0.456) 5059 1
ωα,8 0.00 (-0.607, 0.527) 5534 1
ωα,9 0.00 (-0.412, 0.406) 4789 1
ωα,10 0.00 (-0.392, 0.379) 4266 1
ωα,11 0.01 (-0.359, 0.445) 4785 1
ωα,12 -0.05 (-0.589, 0.548) 4587 1
ωα,13 -0.01 (-0.420, 0.402) 5023 1
ωα,14 0.02 (-0.376, 0.428) 4494 1
ωα,15 -0.01 (-0.487, 0.516) 4357 1
ωα,16 -0.03 (-0.590, 0.501) 5875 1
ωβ,1 0.04 (-0.533, 0.621) 3689 1
ωβ,2 0.04 (-0.673, 0.679) 4880 1
ωβ,3 0.03 (-0.439, 0.441) 3201 1
ωβ,4 0.03 (-0.411, 0.507) 3033 1
ωβ,5 0.02 (-0.413, 0.451) 3560 1
ωβ,6 0.02 (-0.404, 0.417) 3386 1
ωβ,7 0.03 (-0.465, 0.508) 3338 1
ωβ,8 0.02 (-0.539, 0.564) 4451 1
ωβ,9 0.02 (-0.397, 0.395) 3398 1
ωβ,10 0.02 (-0.368, 0.368) 3118 1
ωβ,11 0.02 (-0.378, 0.417) 3774 1
ωβ,12 0.02 (-0.510, 0.603) 4917 1
ωβ,13 0.02 (-0.395, 0.410) 4246 1
ωβ,14 0.02 (-0.364, 0.430) 3883 1
ωβ,15 0.02 (-0.491, 0.455) 5362 1
ωβ,16 0.03 (-0.531, 0.593) 5201 1
τα 25.41 (0.056, 29.814) 574 1
τβ 31.01 (0.076, 36.232) 513 1
ϕα 0.49 (0.000, 0.879) 5074 1
ϕβ 0.50 (0.00, 0.88) 5262 1
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Table A.11: Mean and 89% HPDI of Age-at-maturity-CAR parameter estimates for male
yelloweye rockfish in 150 km by 150 km grid cells (see Figure 2.1b and Equation 2.10). ESS
(effective sample size) and the Rhat value are diagnostic outputs from STAN [70] for the
model fit. The model code was run using 2 chains and 8000 iterations (4000 burn in and
4000 sampling) with no divergent transitions.
parameter mean 89% HPDI ESS Rhat
α1 -3.28 (-5.587 -1.047) 4112 1
α2 -1.67 (-3.069 0.000) 4938 1
α3 -2.77 (-3.417 -2.099) 5997 1
α4 -5.50 (-6.592 -4.446) 6449 1
α5 -1.79 (-2.471 -1.119) 6586 1
α6 -2.07 (-2.558 -1.538) 7015 1
α7 -3.76 (-5.121 -2.309) 7328 1
α8 -1.96 (-3.369 -0.479) 4389 1
α9 -5.03 (-6.508 -3.442) 6431 1
α10 -3.02 (-3.581 -2.454) 6752 1
α11 -2.41 (-3.353 -1.471) 5703 1
α12 -6.09 (-8.769 -3.334) 5446 1
α13 -3.30 (-4.227 -2.298) 6424 1
α14 -4.04 (-5.712 -2.357) 6023 1
α15 -5.61 (-8.566 -2.686) 4253 1
α16 -4.27 (-7.215 -0.995) 4704 1
β1 0.24 (0.134 0.331) 4419 1
β2 0.16 (0.084 0.225) 6033 1
β3 0.14 (0.113 0.167) 6312 1
β4 0.28 (0.229 0.324) 6554 1
β5 0.10 (0.079 0.132) 6794 1
β6 0.12 (0.099 0.138) 7185 1
β7 0.19 (0.136 0.246) 7487 1
β8 0.11 (0.025 0.185) 4501 1
β9 0.27 (0.197 0.343) 6476 1
β10 0.15 (0.129 0.179) 6690 1
β11 0.17 (0.130 0.208) 5747 1
β12 0.37 (0.219 0.541) 5813 1
β13 0.19 (0.150 0.234) 6389 1
β14 0.20 (0.132 0.270) 6331 1
β15 0.30 (0.166 0.432) 5075 1
β16 0.26 (0.099 0.404) 7228 1
µα -3.52 (-4.483 -2.590) 5627 1
µβ -0.68 (-1.393 0.000) 3809 1
ωα,1 0.03 (-0.545 0.642) 5398 1
ωα,2 0.10 (-0.633 0.778) 2130 1
ωα,3 0.03 (-0.445 0.485) 3403 1
ωα,4 -0.02 (-0.494 0.499) 4101 1
ωα,5 0.04 (-0.430 0.528) 3069 1
ωα,6 0.03 (-0.402 0.470) 2448 1
88
Continued...
parameter mean 89% HPDI ESS Rhat
ωα,7 0.01 (-0.520 0.492) 4801 1
ωα,8 0.04 (-0.564 0.628) 4960 1
ωα,9 -0.03 (-0.473 0.391) 3134 1
ωα,10 0.01 (-0.417 0.394) 4018 1
ωα,11 0.02 (-0.404 0.445) 3567 1
ωα,12 -0.10 (-0.725 0.488) 1461 1
ωα,13 -0.01 (-0.433 0.422) 4009 1
ωα,14 -0.02 (-0.449 0.388) 3978 1
ωα,15 -0.06 (-0.585 0.451) 1915 1
ωα,16 -0.04 (-0.668 0.545) 2325 1
ωβ,1 0.04 (-0.548 0.617) 1144 1
ωβ,2 0.04 (-0.717 0.649) 1288 1
ωβ,3 0.03 (-0.449 0.447) 825 1
ωβ,4 0.03 (-0.462 0.475) 893 1
ωβ,5 0.03 (-0.420 0.436) 1086 1
ωβ,6 0.03 (-0.357 0.439) 757 1
ωβ,7 0.04 (-0.459 0.490) 898 1
ωβ,8 0.03 (-0.527 0.570) 1322 1
ωβ,9 0.03 (-0.389 0.430) 944 1
ωβ,10 0.03 (-0.352 0.392) 689 1
ωβ,11 0.03 (-0.406 0.395) 715 1
ωβ,12 0.03 (-0.512 0.575) 1002 1
ωβ,13 0.03 (-0.384 0.424) 928 1
ωβ,14 0.03 (-0.401 0.404) 770 1
ωβ,15 0.03 (-0.477 0.499) 1083 1
ωβ,16 0.03 (-0.565 0.529) 1133 1
τα 18.65 (0.020 25.797) 463 1
τβ 17.82 (0.051 29.542) 747 1
ϕα 0.50 (0.105 0.992) 5550 1
ϕβ 0.51 (0.099 0.987) 5154 1
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Age-at-maturity-Hier Model Outputs
Table A.12: Mean and 89% HPDI of Age-at-maturity-Hier parameter estimates for female
yelloweye rockfish in 150 km by 150 km grid cells (see Figure 2.1b and Equation A.5). ESS
(effective sample size) and the Rhat value are diagnostic outputs from STAN [70] for the
model fit. The model code was run using 2 chains and 8000 iterations (4000 burn in and
4000 sampling) with no divergent transitions.
parameter mean 89% HPDI ESS Rhat
α1 -3.54 (-6.078, -0.758) 3950 1
α2 -1.07 (-2.16, 0.00) 5658 1
α3 -3.89 (-4.839, -2.998) 7799 1
α4 -4.42 (-5.544, -3.212) 6856 1
α5 -2.94 (-3.743, -2.060) 7993 1
α6 -3.14 (-3.972, -2.243) 7187 1
α7 -3.05 (-4.689, -1.262 ) 5975 1
α8 -2.95 (-5.101, -0.828) 4847 1
α9 -3.14 (-4.559, -1.701) 6623 1
α10 -3.28 (-3.968, -2.601) 7401 1
α11 -2.28 (-3.792, -0.885) 5520 1
α12 -4.52 (-7.114, -1.654) 3891 1
α13 -3.57 (-4.914, -2.285) 7332 1
α14 -1.65 (-2.752, -0.379) 4463 1
α15 -3.31 (-5.838, -0.460) 5480 1
α16 -4.06 (-6.899, -1.347) 5727 1
β1 0.29 (0.155, 0.414) 5092 1
β2 0.14 (0.075, 0.203) 9588 1
β3 0.22 (0.176, 0.258) 8284 1
β4 0.27 (0.215, 0.326) 6980 1
β5 0.17 (0.134, 0.208) 8084 1
β6 0.21 (0.172, 0.247) 7218 1
β7 0.22 (0.144, 0.295) 6727 1
β8 0.27 (0.125, 0.399 ) 5555 1
β9 0.21 (0.145, 0.282 ) 6944 1
β10 0.20 (0.168, 0.233) 7647 1
β11 0.24 (0.163, 0.316) 6594 1
β12 0.34 (0.166, 0.507) 4414 1
β13 0.27 (0.205, 0.334 ) 7625 1
β14 0.14 (0.082, 0.183) 5422 1
β15 0.34 (0.148, 0.528) 8765 1
β16 0.34 (0.140, 0.516 ) 7346 1
µα -3.16 (-4.049, -2.209) 6855 1
µβ 0.58 (0.000, 1.135) 10167 1
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Table A.13: Mean and 89% HPDI of Age-at-maturity-Hier parameter estimates for male
yelloweye rockfish in 150 km by 150 km grid cells (see Figure 2.1b and Equation A.5). ESS
(effective sample size) and the Rhat value are diagnostic outputs from STAN [70] for the
model fit. The model code was run using 2 chains and 8000 iterations (4000 burn in and
4000 sampling) with no divergent transitions.
parameter mean 89% HPDI ESS Rhat
α1 -3.18 (-5.479, -1.028) 10020 1
α2 -1.31 (-3.416, 0.801) 7716 1
α3 -2.78 (-3.448, -2.082) 8504 1
α4 -5.49 (-6.611, -4.482) 8581 1
α5 -1.79 (-2.450, -1.106) 8389 1
α6 -2.07 (-2.549, -1.551) 8395 1
α7 -3.76 (-5.265, -2.418) 8382 1
α8 -1.86 (-3.363, -0.362) 7539 1
α9 -5.02 (-6.548, -3.442) 9124 1
α10 -3.01 (-3.569, -2.452) 8319 1
α11 -2.39 (-3.367, -1.457 ) 8698 1
α12 -5.95 (-8.749, -3.367) 9238 1
α13 -3.28 (-4.263, -2.322) 7919 1
α14 -4.01 (-5.600, -2.362 ) 7261 1
α15 -5.48 (-8.194, -2.625) 8028 1
α16 -4.09 (-7.120, -0.833) 9940 1
β1 0.23 (0.131, 0.323) 9943 1
β2 0.15 (0.062, 0.230) 6893 1
β3 0.14 (0.112, 0.168) 8640 1
β4 0.28 (0.229, 0.324) 8207 1
β5 0.10 (0.078, 0.130 ) 8005 1
β6 0.12 (0.098, 0.136 ) 8807 1
β7 0.19 (0.135 0.244) 8095 1
β8 0.10 (0.020, 0.186) 7274 1
β9 0.27 (0.197, 0.346) 8632 1
β10 0.15 (0.129, 0.178) 8473 1
β11 0.17 (0.130, 0.209) 8599 1
β12 0.36 (0.206, 0.535) 9085 1
β13 0.19 (0.150, 0.234) 7583 1
β14 0.20 (0.136, 0.268 ) 7228 1
β15 0.29 (0.163, 0.415) 7731 1
β16 0.25 (0.093, 0.398) 6687 1
µα -3.43 (-4.310, -2.526) 8207 1
µβ 0.10 (-0.922, 1.264) 17715 1
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Age-at-maturity-PointRef model outputs:
Table A.14: Mean and 89% HPDI of Age-at-maturity-PointRef parameter estimates for
female yelloweye rockfish in 150 km by 150 km grid cells (see Figure 2.1b and Equation
A.6). ESS (effective sample size) and the Rhat value are diagnostic outputs from STAN [70]
for the model fit. The model code was run using 2 chains and 8000 iterations (4000 burn in
and 4000 sampling) with no divergent transitions.
parameter mean 89% HPDI ESS Rhat
α1 -3.56 (-5.874, -0.451) 3804 1
α2 -1.08 (-2.167, -0.001) 5415 1
α3 -3.90 (-4.846, -2.950) 6034 1
α4 -4.43 (-5.598, -3.284) 5172 1
α5 -2.94 (-3.814, -2.142) 6377 1
α6 -3.14 (-3.95, -2.25) 5813 1
α7 -3.07 (-4.803, -1.447) 5296 1
α8 -2.92 (-4.974, -0.693) 4537 1
α9 -3.17 (-4.557, -1.708) 4665 1
α10 -3.29 (-3.951, -2.571) 6161 1
α11 -2.29 (-3.730, -0.914 ) 5113 1
α12 -4.53 (-7.290, -1.727) 4600 1
α13 -3.59 (-4.815, -2.250) 5395 1
α14 -1.65 (-2.820, -0.516) 5128 1
α15 -3.26 (-5.733, -0.187 ) 4300 1
α16 -4.08 (-6.719, -1.243) 4449 1
β1 0.29 (0.154, 0.415) 4945 1
β2 0.14 (0.076, 0.203) 7702 1
β3 0.22 (0.176, 0.260) 6144 1
β4 0.27 (0.221, 0.331) 5166 1
β5 0.17 (0.137, 0.210) 6483 1
β6 0.21 (0.170, 0.244) 5914 1
β7 0.22 (0.144, 0.292) 6010 1
β8 0.27 (0.125, 0.401) 5011 1
β9 0.22 (0.144, 0.284) 5167 1
β10 0.20 (0.170, 0.235) 6329 1
β11 0.24 (0.166, 0.316) 5698 1
β12 0.34 (0.167, 0.515) 5051 1
β13 0.27 (0.205, 0.331) 5523 1
β14 0.14 (0.082, 0.180) 6052 1
β15 0.34 (0.135, 0.519) 7764 1
β16 0.34 (0.145, 0.527) 6237 1
µα -3.17 (-4.074, -2.205) 5454 1
µβ 0.59 (0.000, 1.167) 10120 1
ωα,1 -0.03 (-0.692, 0.710) 8227 1
ωα,2 0.11 (-0.606, 0.823) 4313 1
ωα,3 -0.03 (-0.769, 0.630) 8650 1
ωα,4 -0.07 (-0.85, 0.62) 7783 1
ωα,5 0.01 (-0.678, 0.756) 11492 1
ωα,6 0.00 (-0.677, 0.747) 8422 1
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Continued...
parameter mean 89% HPDI ESS Rhat
ωα,7 0.00 (-0.683, 0.730) 8713 1
ωα,8 0.01 (-0.730, 0.758) 10610 1
ωα,9 0.00 (-0.671, 0.729) 10363 1
ωα,10 -0.01 (-0.760, 0.675) 9248 1
ωα,11 0.05 (-0.722, 0.705) 8715 1
ωα,12 -0.08 (-0.769, 0.660) 6855 1
ωα,13 -0.02 (-0.718, 0.691) 9897 1
ωα,14 0.08 (-0.623, 0.792) 7895 1
ωα,15 -0.01 (-0.712, 0.760) 9397 1
ωα,16 -0.04 (-0.786, 0.661) 8799 1
ωβ,1 0.00 (-0.767, 0.733) 8736 1
ωβ,2 -0.02 (-0.763, 0.738) 9452 1
ωβ,3 0.00 (-0.814, 0.768) 8362 1
ωβ,4 -0.01 (-0.795, 0.827) 8892 1
ωβ,5 0.00 (-0.743, 0.829) 9123 1
ωβ,6 -0.02 (-0.855, 0.698) 12059 1
ωβ,7 0.00 (-0.789, 0.815) 9035 1
ωβ,8 -0.01 (-0.771, 0.756) 9670 1
ωβ,9 -0.01 (-0.786, 0.775 ) 7958 1
ωβ,10 0.00 (-0.816, 0.796) 8907 1
ωβ,11 -0.01 (-0.819, 0.757) 10071 1
ωβ,12 -0.01 (-0.852, 0.727) 10575 1
ωβ,13 -0.01 (-0.778, 0.826) 8180 1
ωβ,14 -0.01 (-0.800, 0.779) 8331 1
ωβ,15 0.00 (-0.814, 0.795) 12393 1
ωβ,16 -0.01 (-0.751, 0.774) 9619 1
τα 37.30 (0.251, 49.874 ) 695 1
τβ 30.23 (0.147, 30.992) 547 1
ϕα 0.50 (0.060, 0.947) 10676 1
ϕβ 0.50 (0.024, 0.913) 11248 1
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Table A.15: Mean and 89% HPDI of Age-at-maturity-PointRef parameter estimates for
male yelloweye rockfish in 150 km by 150 km grid cells (see Figure 2.1b and Equation A.6).
ESS (effective sample size) and the Rhat value are diagnostic outputs from STAN [70] for
the model fit. The model code was run using 2 chains and 8000 iterations (4000 burn in
and 4000 sampling) with no divergent transitions.
parameter mean 89% HPDI ESS Rhat
α1 -3.28 (-5.393, -1.033) 4112 1
α2 -1.67 (-3.035, 0.000) 4938 1
α3 -2.77 (-3.443, -2.081) 5997 1
α4 -5.50 (-6.528, -4.436) 6449 1
α5 -1.79 (-2.480, -1.149 ) 6586 1
α6 -2.07 (-2.605, -1.584) 7015 1
α7 -3.76 (-5.146, -2.365) 7328 1
α8 -1.96 (-3.265, -0.368) 4389 1
α9 -5.03 (-6.583, -3.515) 6431 1
α10 -3.02 (-3.574, -2.477) 6752 1
α11 -2.41 (-3.324, -1.467) 5703 1
α12 -6.09 (-9.102, -3.560) 5446 1
α13 -3.30 (-4.306, -2.363) 6424 1
α14 -4.04 (-5.721, -2.421) 6023 1
α15 -5.61 (-8.684, -2.761) 4253 1
α16 -4.27 (-7.268, -1.036) 4704 1
β1 0.24 (0.140, 0.328) 4419 1
β2 0.16 (0.089, 0.228) 6033 1
β3 0.14 (0.113, 0.169) 6312 1
β4 0.28 (0.229, 0.323) 6554 1
β5 0.10 (0.079, 0.131) 6794 1
β6 0.12 (0.100, 0.138) 7185 1
β7 0.19 (0.137, 0.245) 7487 1
β8 0.11 (0.024, 0.185) 4501 1
β9 0.27 (0.202, 0.348) 6476 1
β10 0.15 (0.130, 0.178) 6690 1
β11 0.17 (0.133, 0.211) 5747 1
β12 0.37 (0.206, 0.539) 5813 1
β13 0.19 (0.152, 0.235) 6389 1
β14 0.20 (0.133, 0.268) 6331 1
β15 0.30 (0.168, 0.436) 5075 1
β16 0.26 (0.109, 0.410) 7228 1
µα -3.52 (-4.428, -2.598) 5627 1
µβ -0.68 (0.000, 1.149) 3809 1
ωα,1 0.03 (-0.785, 0.733) 5398 1
ωα,2 0.10 (-0.631, 0.880) 2130 1
ωα,3 0.03 (-0.732, 0.816) 3403 1
ωα,4 -0.02 (-0.875, 0.654) 4101 1
ωα,5 0.04 (-0.635, 0.883) 3069 1
ωα,6 0.03 (-0.642, 0.904) 2448 1
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Continued...
parameter mean 89% HPDI ESS Rhat
ωα,7 0.01 (-0.823, 0.724) 4801 1
ωα,8 0.04 (-0.691, 0.879) 4960 1
ωα,9 -0.03 (-0.881, 0.641) 3134 1
ωα,10 0.01 (-0.651, 0.890) 4018 1
ωα,11 0.02 (-0.746, 0.801) 3567 1
ωα,12 -0.10 (-0.974, 0.670) 1461 1
ωα,13 -0.01 (-0.678, 0.805) 4009 1
ωα,14 -0.02 (-0.763, 0.720) 3978 1
ωα,15 -0.06 (-0.943, 0.676) 1915 1
ωα,16 -0.04 (-0.818, 0.775) 2325 1
ωβ,1 0.04 (-0.791, 0.759) 1144 1
ωβ,2 0.04 (-0.773, 0.752) 1288 1
ωβ,3 0.03 (-0.787, 0.750) 825 1
ωβ,4 0.03 (-0.752, 0.784) 893 1
ωβ,5 0.03 (-0.719, 0.749) 1086 1
ωβ,6 0.03 (-0.757, 0.789) 757 1
ωβ,7 0.04 (-0.785, 0.728) 898 1
ωβ,8 0.03 (-0.828, 0.672) 1322 1
ωβ,9 0.03 (-0.800, 0.776) 944 1
ωβ,10 0.03 (-0.732, 0.739) 689 1
ωβ,11 0.03 (-0.726, 0.789) 715 1
ωβ,12 0.03 (-0.765, 0.785) 1002 1
ωβ,13 0.03 (-0.786, 0.769) 928 1
ωβ,14 0.03 (-0.757, 0.771) 770 1
ωβ,15 0.03 (-0.753, 0.786) 1083 1
ωβ,16 0.03 (-0.768, 0.728) 1133 1
τα 18.65 (0.107, 30.050) 463 1
τβ 17.82 (0.091, 38.400) 747 1
ϕα 0.50 (0.113, 0.999) 5550 1




Figure A.2: Yield per Recruit (YpR) curves (a) and zoomed (b) for each of the 250 km by
250 km grid cells (black lines) compared to the coastwide estimate (light blue line) using
the parameter estimates from the Growth-CAR model (Table 2.1). Maximum YpR (max
YpR) and the corresponding fishing mortality (Fmax) for each of the 250 km by 250 km
grid cells and coastwide estimate.
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Figure A.3: Spawning Potential Ratio (SPR) curves using the growth parameter estimates
for calculated in each of the 250 km by 250 km grid cells (black lines) and the coastwide
(light blue line). The dotted red line indicates when SPR = 0.4. The dotted black lines show
the range of the corresponding fishing mortalities to SPR = 0.4 (FSPR40%) estimates for
the grid cells. The dotted blue line shows the FSPR40% estimate based on coastwide growth
parameter estimates. FSPR40% estimates for all cells and coastwide are given in Table 2.2.
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Figure A.4: Spawning Potential Ratio (SPR) curves using the age-at-maturity parameter
estimates for calculated in each of the 150 km by 150 km grid cells (black lines) and the
coastwide (light blue line). The dotted red line indicates when SPR = 0.4. The dotted black
lines show the range of the corresponding fishing mortalities to SPR = 0.4 (FSPR40%)
estimates for the grid cells. The dotted blue line shows the FSPR40% estimate based on
coastwide growth parameter estimates. FSPR40% estimates for all cells and coastwide are
given in Table 2.4.
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Appendix B
Appendix for Chapter 3
B.1 Sablefish Data




g Release Size Class
t Year
a Area
Table B.2: Possible transitions for a fish in a given area to another area in one month.
To This Area (a)











PI 0 0 1 0 0 0 0 0 0 1 0 0
IN 0 0 0 1 0 0 0 0 0 0 0 0
HS 1 0 0 1 1 0 0 0 0 1 0 0
QC 0 1 1 0 0 0 1 0 0 0 0 0
S5 0 0 1 0 0 1 0 0 0 1 1 0
S4 0 0 0 0 1 0 1 0 0 0 1 0
S3 0 0 0 1 0 1 0 1 0 0 1 0
S2 0 0 0 0 0 0 1 0 1 0 1 0
S1 0 0 0 0 0 0 0 1 0 0 1 1
AK 0 0 0 0 0 0 0 0 0 0 0 0
OW 0 0 0 0 0 0 0 0 0 0 0 0
WC 0 0 0 0 0 0 0 0 0 0 0 0
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Tag reporting rates used for the sablefish model came from unpublished work done by
Aulthouse [106]. These reporting rates were estimated for tags from the BC stratified random
sablefish survey. He found that estimates for tag reporting rates were significantly affected
by gear type and size (legal vs sublegal). He assumed that the survey had perfect reporting
rates. The reporting rates from his calculations were:
Table B.3: Tag reporting rates for legal and sub-legal size sablefish for the trap, trawl, and
long-line commercial fisheries as well as from survey catch [106].
Size Trap Trawl Longline Survey
Legal 0.72 0.25 0.31 1
Sublegal 0.4 0.05 0.08 1
The relative fishing effort for the stratified random survey areas were used in this chapter to
determine the relative fishing effort for inlets and continental shelf areas [93]. The relative
effort in PI and IN comes from the fact that there has been no directed commercial fishery
for sablefish in the inlets since 1994. Cleary et al. only estimated the values for for the
stratified random areas so I just assumed the other areas in my model had a relative effort
of 1, just the average fishing mortality. The relative fishing effort values from Cleary et al.
were:
Table B.4: The relative effort between the inlet and continental shelf areas. Values taken
from [93] where the values for Gil Island, Finlayson Channel, and Dean/Burke Channel
inlets were averaged to get the value for IN. The relative effort value for all other BC areas
was assumed to be 1.
PI IN S5 S4 S3 S2 S1
0.09 0.11667 2.39 2.37 1.26 1.83 0.72
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g Release Size Class Index
r Release Area Index
s Release Month Index
t Month Index
Model Inputs
c Initial Tag Retention Rate Model Input
h Tag Loss Rate Model Input
F̄t Annual Instantaneous Fishing Mortality Model Input
Ft,a,g Fishing Mortality Model Input
Rs,r,g,t,a Actual Tag Recoveries Model Input
Ts,r,g Actual Tag Releases Model Input
Wg,t,a Tag Reporting Rate Model Input
Parameters
λg Selectivity and Bias Estimated
m Natural Mortality Rate Estimated
ρ Set of Movement Parameters Estimated
ρi,a,g Movement Parameters Estimated
Derived Variables
Ns,r,g,t,a Predicted Tag Abundance Predicted
ϕi,a Annual Movement Rates Predicted
ϕmoni,a,g Monthly Movement Rates Predicted
Φ Annual Markov Transition Matrix Predicted
Φmong Monthly Markov Transition Matrix Predicted
R̂s,r,g,t,a Predicted Tag Recoveries Predicted
St,a,g Survival Rate Predicted
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B.2 Full Annual Movement Rates for Sablefish
Figure B.1: Movement rates for small sablefish with standard errors listed in brackets.
Figure B.2: Movement rates for medium sablefish with standard errors listed in brackets.
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Figure B.3: Movement rates for large sablefish with standard errors listed in brackets.
103
